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ABSTRACT
Biotic and abiotic factors tha t affect the  development and survival of cat 
flea [CtenocephaHdes felis (Bouch6)] life stages were studied. Adult fleas 
maintained on an artificial host system  exhibited high rates of mortality when 
provided with dog hair substrates w ashed in either hexane or soap and water. 
Delayed egg production for fleas provided with bovine blood containing Na 
Citrate concentrations > 8 mM w as observed. Fleas fed with Na Citrate 
concentrations & 24 mM had an increase in blood consum ption and 
mortality. Certain concentrations of testosterone fed to  fleas either in steer 
blood or in an alternate blood meal were associated with increases in egg 
production. The concentration of red blood cells w as show n to affect 
consumption and subsequent egg production.
Flea larvae reared in petri dishes and te s t tubes readily fed upon eggs, 
naked prepupae, and naked pupae, but feeding upon chorions, exuvia, and 
other debris w as not observed. Less than 5% of flea larvae maintained 
individually and fed feces from adult cat fleas maintained on cat hosts (CHFF) 
completed development to the adult stage, while essentially 100%  of larvae 
provided with CHFF and flea eggs completed their development. Larvae 
reared singly in te s t tubes consum ed an average of 20 .38  ±  1 .92 eggs per 
larva a t 22 .4°C , 75%  relative humidity compared with 26 .89  ±  2 .68  eggs 
per larva a t 55%  relative humidity.
x
The LT60 value for larvae provided with adult flea feces only w as 29.31 d.
The num ber of eggs or am ount of yeast consum ed w as directly related 
to the percentage of larvae producing cocoons. This suggests that cocoon 
formation is related to larval nutrition. All larvae provided with 4  mg of yeast 
per larva formed cocoons while only 6 .67%  formed cocoons when provided 
with 0 .25  mg of yeast per larva. First, second, and third instars did not 
penetrate well-constructed cocoons. Third instars readily fed upon prepupae, 
naked pupae, and eggs, but first and second instars did not feed on any life 
stage. All instars fed upon yeast. The cocoon structure w as shown to provide 
protection from foraging flea larvae.
INTRODUCTION
The medical, veterinary, and economic importance of fleas and their 
impact on civilization is irrefutable. They can be disease vectors, and are 
them selves a source of misery, causing allergic dermatitis, severe anemia, 
infection, and anxiety. Of the estim ated tw o to three thousand species 
occurring worldwide (Harwood & Jam es 1979), the cat flea [CtenocephaHdes 
fe/is (Bouch£)] is the m ost frequently encountered species in urban areas of 
the United S tates. Although they may be transported by a number of birds 
and mammals, including man, dogs, cats, and opossum s are the  most 
common host animals in residential settings.
Cat fleas belong to  the family Pulicidae and are characterized by the 
presence of both genal and pronotal com bs. Morphologically, they appear 
alm ost identical to  dog fleas [Ct. canis (Curtis)] and discerning betw een the 
tw o may prove difficult, even for the  expert.Adults are bilaterally 
com pressed, dark brown insects that are seldom more than 2-3 mm in length. 
Egg carrying females may be considerably larger than males and have light- 
brown to  yellow abdom ens. Both males and females are obligate blood 
feeders, spending their entire adult life on the  host animal w here they feed, 
mate, and females lay their eggs. Egg production begins approximately 48 
hours after feeding. Although mating does not occur prior to  th e  blood meal, 
females can produce non-viable eggs in the absence of males (personal 
observation). The number of eggs oviposited by a single female flea on a cat
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host varies from 23 to 432 , with an average of 158 .4  eggs per female over 
an estim ated lifetime of 11.2 d (Osbrink & Rust 1984). Flea eggs do not 
cling to the  fur and easily roll off of the  host animal. Consequently, the  areas 
m ost frequented by the host will have the highest concentration of eggs and 
developing larvae (Kern 1993). Eggs usually hatch within 3 d when held at 
24°C .
Newly hatched flea larvae have 13 segm ents, are cream  colored, and 
cylindricaliy shaped. They are both legless and eyeless, with a well defined 
head capsule bearing tw o segm ented antennae and chewing m outhparts. 
Their primary m eans of locomotion is through the use of a pair of anal struts 
located on the  tenth abdominal segm ent. Cat flea larvae are proficient 
foragers in all instars and, in contrast to  adults, exhibit negative phototaxis.
Cat flea larvae complete three instars, and distinguishing betw een them  
can be extremely difficult without rearing larvae singly and counting cast 
exuvia. M oser e ta l. (1991) attem pted to  differentiate betw een first, second, 
and third instars by head width m easurem ents (Dyar's rule), but found no 
correlation betw een head size and instar. It should be noted that first instars 
are generally smaller, more cylinderical, with an egg burster (ciypeal tubercle) 
located on the  front of the head capsule. This structure is lacking on the 
second and third instars. Second and third instars are usually larger and 
gradually taper tow ards the  anterior and posterior ends. All instars have a 
prominent reddish-brown gut that results from feeding upon adult flea feces,
exceptions being newly hatched larvae and late third instars just prior to 
pupation.
Larval nutrition studies conducted by Silverman & Appel (1994), Moser 
e t al. (1991), and Stronger (1973) dem onstrated tha t blood, either in the 
form of dried whole blood or adult flea feces, is essential to larval 
developm ent. There is, however, disagreem ent with respect to dietary 
requirements beyond that of blood. Moser e t al. (1991) concluded that dried 
blood w as sufficient under laboratory conditions while Silverman & Appel 
(1994) found tha t a diet consisting of either dried blood or flea feces only 
w as unsatisfactory and supplem ents were required. In reality, adult flea 
feces and flea eggs, being distributed together, are the only reliable food 
sources for developing larvae in a given environment.
Rietblat and Belokopytova (1974) show ed tha t the larvae of Xenopsylla 
cheopis (Rothschild), Ceratophyllus tesquorum (Wagner), and C. laeviceps 
(Wagner) readily a te  flea eggs and successfully completed their development 
as a result. Although feeding upon eggs by cat flea larvae has been reported 
(Stronger 1973 and Kern 1991), quantitative studies regarding egg 
cannibalism and its potential impact upon cat flea populations are lacking.
At the completion of the third instar, cat flea larvae construct a silken 
cocoon and pupate. They may remain within the cocoon for many w eeks or 
may eclose in as few  as seven days. The minimum total time required for 
developm ent from egg to  adult is approximately 21 d.
Silverman and Appel (1984) dem onstrated that the cocoon can protect 
pupating ca t fleas from predation by foraging Argentine ants [fridomyrmex 
humilis (Mayr)], but there are no investigations regarding the relationship 
betw een foraging flea larvae and pupating flea larvae. Likewise, the  effects 
of larval nutrition upon cocoon formation and structure have yet to  be 
examined.
The control of an established flea population can be extremely difficult, 
and few  pet owners will avoid the experience of at least one flea infestation 
during his or her lifetime. The traditional method of "spray and hope" has 
remained the foundation of flea control since the introduction of DDT in the 
late 1 9 40 's . Although advances in pesticide development have occurred, 
pesticides continue to a ttrac t public scrutiny. A sensible flea control program 
should incorporate both chemical and non-chemical m anagem ent techniques, 
but more importantly should begin with an understanding of basic cat flea 
biology. Unfortunately, wide gaps still remain in our knowledge of cat fleas.
RESEARCH OBJECTIVES
I: To determ ine the major biotic and abiotic factors influencing egg
production, blood consumption, and the  mortality of adult cat fleas 
maintained on an artificial host system  with the purpose of simulating 
on host conditions.
A. Determine the possible effects of testosterone upon ca t flea 
reproduction.
B. Determine the feasibility of using either a substitu te  or alternative 
blood meal.
II: To determ ine the possible role of egg cannibalism in ca t flea larval 
developm ent and population dynamics.
Ill: To determ ine the role of larval nutrition on cocoon formation and the 
possible function of the cocoon structure as protection from 
cannibalism by foraging flea larvae.
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CHAPTER 1
FACTORS AFFECTING THE MORTALITY, BLOOD CONSUMPTION AND EGG
PRODUCTION OF ADULT CAT FLEAS (SIPHONAPTERA: PULICIDAE) 
MAINTAINED ON AN ARTIFICIAL HOST SYSTEM
INTRODUCTION
Although the cat flea (Ct. felis) is a significant urban pest, information 
regarding specific aspects of its biology and behavior is limited. In fact, 
much of w hat is assum ed about the cat flea is predicated upon the studies 
of other flea species (e.g.,,X. cheopis Galun 1966; Ceratophyl/us ga/iinae 
(Schrank) Humphries 1967; Spilopsyf/us cuncunicli Dale; Rothschild & Ford 
1964). Data concerning mating frequency, feeding stimuli, and host blood 
requirem ents are lacking for the cat flea.
Haas (1966) and Hopkins (1980) observed tha t greater cat flea 
populations occurred on male m ongooses and opossum s than on females 
while Williams (1993) reported higher egg production by cat fleas maintained 
on bulls com pared to  th a t on heifers. Field observations of residential flea 
infestations conducted betw een 1983 and 1991 suggested a higher 
incidence of adult cat fleas on un-neutered dogs and cats (Lawrence, 
unpublished). The possible influence of host hormone levels on fecundity of 
fleas are of particular interest in light of continued urbanization and increases 
in the pet population. Host behavior (i.e., grooming) and cyclic fluctuations 
in blood chem istry, including hormone levels, make it difficult to conduct in
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vivo studies. However, the artificial host system  affords the opportunity to 
study the  influence of single factors affecting cat flea egg production.
Rutledge e t al. (1964) introduced the water-jacketed membrane feeder 
which w as used to study mosquito feeding responses. Although it w as not 
the first such device (Tarshis 1958), it is perhaps the m ost versatile and has 
been used to  study a number of haem ophagous arthropods (Bernardo & Cupp 
1986). A similar blood feeder, with a stirrer, w as introduced by Wade 
(1976) and w as used successfully in feeding studies on Ornithodorus 
moubata Murray, G/ossina morsitans W estw ., Cimex lectularius (Linn.), 
Rhodnius prolixus StSht, and Aedes agyptii (Linn.).
W ade and Georgi (1988) dem onstrated that an artificial host system  using 
water-jacketed blood feeders could be used to  maintain a laboratory colony 
of ca t fleas (Cf. felis). The system  is not w ithout its shortcomings. For 
example, egg production by adult fleas maintained on an artificial host begins 
on the day 3 rather than day 2, and is far below that obtained on natural host 
animals (Wade & Georgi 1988). Furthermore, little is known about the effects 
of animal hair substrates (e.g, cat hair vs dog hair), blood meal composition, 
and sex  ratios upon fecundity, blood consum ption, and survivorship.
The purpose of this investigation w as to develop assays that could be 
used to: (1) determine if on host conditions could be simulated on an artificial 
host system  ,(2) measure the effects of biotic and abiotic factors influencing 
egg production, blood consumption, and the  mortality of adult cat fleas
maintained on this system , (3) explore the possible effects of testosterone 
and upon cat flea reproduction, and (4) establish the feasibility of using a 
substitute blood meal.
MATERIALS AND METHODS
Artificial Host - Blood Chambers. The blood reserviors for the artificial 
host system  consisted of tw enty Rutledge type glass w ater jacketed blood 
cham bers (Rutledge et al., 1964; Lillie Glassblowers, Smyrna, GA) arranged 
in a grid pattern containing four rows each with five cham bers approximately 
10 cm apart. Rows were individually suspended approximately 13 cm apart 
betw een tw o ringstands 91 .4  cm in height. The cham bers were then 
connected in series to  an immersion circulator (Cole-Palmer, Model 01266- 
40) with flexible Nalgene (Type 180) PVC tubing (Figure 1.1). The immersion 
circulator w as placed in a 16 liter acrylic w ater bath. W ater tem perature was 
maintained at 41 ± 1  °C in order to maintain the blood meals a t host 
tem perature. Studies were conducted either a t ambient tem perature and 
humidity or in an incubator (Precision Model 818} se t at 22.5  ±  2°C . A 3 
liter cool vapor vaporizer, connected to  a repeat cycle timer (Intermatic Model 
C8865 from Grainger, Baton Rouge, LA.), w as placed inside the incubator to 
maintain the relative humidity within a range of 65 to 75% . Parafilm 
mem branes were used for all artificial host studies. Membranes were 
carefully stretched to  approximately .009 mm in thickness and placed across 
the lower cham ber openings, creating a sm ooth convex membrane surface.
The blood cham bers were cleaned and the membranes and blood were 
replaced daily.
Figure 1.1. Artificial h o st blood cham bers.
Artificial Host - Adult Cat Flea Feeder. Feeders w ere fabricated as 
described by W ade & Georgi (1988) from 5.08 cm (2”) diameter clear PVC 
pipe obtained from Gulf-Wandes, Baton Rouge, LA (Figure 1.2). A 10 mm 
hole w as drilled in the side of each feeder to permit the  introduction of the 
adult fleas. Feeder openings were covered on the top with 300 jt/m mesh 
nylon screening and on the  bottom with 500 fim m esh (Nitex Screening 
Fabrics, Sw iss Nylon Monofilament, Tetko Inc., Briarcliff Manor, NY.).
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Figure 1.2. Adult c a t flea feeder.
Individual feeders were supported and held to blood cham bers with 
adjustable 3-pronged clamps (Figure 1.3). Flea feces and eggs were collected 
daily in 60 X 15 mm disposable petri dish bottom s, which were a ttached  to 
the bottom s of the  feeding chambers. Flea eggs were collected and counted 
daily. At th e  end of each assay, eggs tha t w ere trapped in the animal hair 
substrate  w ere  counted as part of the  total egg production per feeder. 
Larvae from eggs tha t had hatched over the  course of the experiment were 
also counted as eggs. Collapsed eggs, em pty chorions, and eggs otherwise 
distorted and discolored were not counted.
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Figure 1.3. Artificial host unit with blood cham ber and feeder (petri dish used 
for egg and feces collection not shown)
Adult Fleas. Flea eggs collected from the ca t colony maintained a t the 
Louisiana S tate  University and Agricultural Center, St. Gabriel Agricultural 
Research Station, St. Gabriel, LA were placed in a 500 ml Mason type jars 
containing approximately 125 ml autoclaved fine grit sand and larval rearing 
diet (74% dog food, 15% beef blood, and 11% yeast). The rearing jars 
were then placed in covered aquariums containing a saturated  NaCI solution 
and held a t 22 .5  ±  2°C , 75%  relative humidity. After 7 d, fully formed 
cocoons were separated from developing larvae by pouring the  contents 
through a No. 12 USA Standard Testing Sieve. Collected cocoons were then 
placed into 500 ml Mason type jars and returned to  the  aquarium. This 
process w as repeated until all developed cocoons were collected.
Approximately 2 wk after collection, cocoons were emptied into a 20 liter 
white plastic bucket. Eclosion w as encouraged through agitation. Newly 
em erged adult fleas w ere aspirated into 20 X 150 mm glass te s t  tubes in 
groups of approximately 25 and then held at -15°C  for 3-4 min. The fleas 
were then placed into a clean 100 X 15 mm petri dish, sexed (sexing w as 
based upon the  presence of claspers on adult males), counted, aspirated into 
20 X 150 mm glass te s t tubes, and transferred to  feeders through the  access 
hole.
Blood Collection and Preparation. During the experiments, blood was 
collected in sterile 500  ml screw -top Erlenmyer flasks a t three day intervals 
via venepuncture from Holstein and Jersey cattle pastered a t LSU, St. Gabriel
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Agricultural Research Station, S t Gabriel, LA. Sodium citrate w as used as an 
anticoagulant. Blood w as stored at 5°C , but w as warmed to  3 9 °C just prior 
to  use.
Red Blood Cell (RBC) and Plasma Collection and Preparation. Fifty ml 
aliquots of bovine blood, containing 8 mM Na Citrate, were placed in each of 
four sterile 100 ml glass centrifuge tubes and centrifuged (Model Marathon 
6K, Fisher Scientific) at 2200  rpm for 20 min (Taaken, 1980). Plasma 
(supernatant) w as removed and stored at 5°C  after the volume was 
determined using a 25 ml disposible pipet. The intermediate buffy coat w as 
kept with the  RBC, and 25 ml of cold (5°C) 0 .1 5M NaCI w as added to  each 
tube. The mixture w as gently stirred with a glass rod, centrifuged for 20 min, 
after which the supernatant w as discarded. This process w as repeated tw o 
additional times for a total of three replicates. Rinsed red blood cells were 
then stored a t 5°C .
Animal Hair. All collected hair sam ples were stored a t 5°C . Each assay 
used approximately 0 .3  gm of animal hair per feeder. The hair w as supported 
against the  top of the  feeder with a bridge constructed of W hatm an's No.42 
filter paper. Feeders were then placed in a sealed aquarium maintained at 
75%  RH with a saturated solution of NaCI 2 4  hr before use.
Blood Consumption Assay. At the end of each assay, the total feces 
from each treatm ent w as dissolved in 50 ml of double distilled w ater, placed 
in a 100 ml glass centrifuge tube and centrifuged a t 2100  rpm for 15 min.
The supernatant w as then filtered through W hatman #1 filter paper into a 
100 ml volumetric flask and brought to 100 ml with double distilled water. 
Then 1 ml of the diluted sample w as added to  4  ml of Drabkin's solution 
(Total Hemoglobin Diagnostic Kit, Sigma Chemical Co., St. Louis, MO.) in a 
16 X 100 mm sterile disposible glass te s t tube. The mixture w as throughly 
stirred, held at room tem perature for 30  min, and then filtered through 
W hatm an's #1 filter paper into a glass cuvette. The absorbance and percent 
transm ittance w as then measured a t 540 nm with a spectrophotom eter 
(Model Spectronic 20, Milton Roy Co.(Rochester, NY). Using a standard 
curve, the data were converted into both the total mg of hemoglobin and the 
total j j t of blood egested (Kern et al, 1992). The term  //l/egg w as designated 
as the am ount of blood consum ed per egg produced.
Evaluation of Ovarv Development. Females from selected treatm ents 
were chosen at random, cold anesthesized, and dissected. Individuals having 
ovarioles with eggs in the chorionic cham ber or in the last vitellarium 
cham ber w ere considered parous. Fleas having ovarioles tha t were barely 
distinguishable, translucent, and lacking eggs were considered nuliiparous.
Saline Buffer. A sterile saline buffer consisting of 100 mM NaCI, 5 mM 
KH2P 04, and 40  mM NaHC03 w as used as a solvent for stock solutions of 
bovine hemoglobin, albumin, and gamma globulins (Taaken, 1980). The 
buffer w as isotonic to  whole blood and had a pH range of 7 .4  to 8 .0  with an 
osmolarity of 294  ± 6 .45 mOsm.
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Sustitute Blood Meal, The substitute blood meal w as prepared from stock 
solutions of bovine hemoglobin (50 mg/ml), albumin (300 mg/ml), gamma 
globulins (100 mg/ml), and 200  mM ATP (Kogan, 1990). All chemical 
com ponents w ere obtained from Sigma Chemical Co. St. Louis, Mo.
ATP. A 200 mM stock solution of ATP w as prepared by dissolving ATP 
in double distilled water. One ml alliquiots were transferred to  1.5 ml snap 
cap microcentrifuge tubes (Fischer Scientific) and held a t -15°C  until use. 
Fifty //I of ATP w as added to  10 ml blood meals just after placem ent in the 
blood cham ber to  obtain a final ATP concentration of 1 mM (Kogan, 1990, 
Taaken, 1980).
Data Analysis. A completely randomized experimental design (CRD) 
w as used in all experiments, unless otherwise stated  (n = total adult 
population in all feeders, n:= adult population per feeder or treatm ent unit). 
Total egg production, adult mortality, and blood consumption (//I per egg) 
w as compared using analysis of variance (ANOVA) and Tukey's Multiple 
Comparison technique (SAS Institute, 1987).
Animal Hair Substrate Studies
Studies were conducted to  determine a suitable standard animal hair 
substrate for use in adult flea feeders. Adult fleas, in a ratio of 100:20 
(females to males), were maintained on the artificial host and fed citrated 
bovine blood for 15 d.
1 6
Dog Hair. The effects of washing dog hair with hexane, water, and soap 
(Woolite™) + w ater on adult flea egg production w as m easured. Dog hair 
samples w ere collected from an adult white American Eskimo dog, using a 
brush and clippers. The dog was an indoor pet and w as not infested with 
fleas. Flea control products had not been used on the dog for more than 12 
months. Approximately 1.5 gm of hair w as placed into each of four beakers 
and 400  ml of either technical grade hexane, double distilled water, or soap 
(Woolite™, 1 :400) + w ater w as added to  three of the beakers. The mixtures 
were agitated for 30 min after which the  hair sam ples were removed and air 
dried for 30  min. Sub-samples of each treatm ent were selected and placed 
into the individual adult feeders.
Dog Hair versus Cat Hair. Cat hair w ashed with either hexane or soap 
(Woolite™) + w ater w as compared with unwashed ca t hair and unwashed 
dog hair. Dog hair samples were collected, as previously described. Cat hair 
sam ples w ere collected from a longhaired, brown tabby cat, using a brush 
and clippers. The cat w as an indoor pet and w as not infested with fleas. 
Flea control products had not been used on the cat for more than 12 months. 
Approximately 1.5 gm of hair was placed into beakers containing 400  ml of 
either technical grade hexane or soap (Woolite™, 1 :400 )+  w ater. The 
mixtures w ere agitated for 30 min. The hair from each sample w as then air 
dried for 30  min. Sub-samples were taken from the treatm ent and placed 
into the individual adult feeders.
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Dog Hair versus Bovine Hair and No Hair Substrate, A comparison of egg 
production of fleas maintained on unwashed dog hair, bovine hair 
(from steers or bulls) or no hair w as conducted. Feeders containing no hair 
had the sam e feeding surface area as the standard feeders but were 
approximately 5 mm in height. Dog hair sam ples were collected as previously 
described. Bovine hair sam ples were collected, using electric clippers, from 
the ventral region of Holstein and Jersey  dairy cattle maintained at LSU 
Agricultural Center Research Station, St. Gabriel, LA. Steers and bulls were 
maintained in separate  pastures for a period of tw o w eeks prior to  hair 
collection. The cattle had not been exposed to  insecticides for at least the 
previous 3 m onths.
General Blood Studies
Studies were conducted to select a suitable standard bovine blood meal 
for use in the  water-jacketed blood cham bers. Adult fleas, 50 females and 
20 males, were maintained on the artificial host system  for a period of 10 d. 
Each blood cham ber w as cleaned and replenished daily with 10 ml of the 
selected blood meal.
Citrated Blood versus Defibrinated Blood. A comparison of the effects of 
defibrinated bovine blood (DB) and citrated bovine blood (CB) upon egg 
production and survivorship of adult cat fleas maintained on the artificial host 
system  w as conducted. Bovine blood for this study w as collected in sterile 
500 ml Erlenmyer flasks th a t contained 3 mm glass beads, and defibrinated
18
by gently swirling for 20 minutes, allowing the  fibrin to  collect on the surface 
of the beads. The defibrinated blood w as then decanted into a second sterile 
flask and stored at 5°C . The osmolarity (mOsm/liter) of each treatm ent was 
determined using a vapor pressure osm om eter (Model 5100B, W escor Inc., 
Logan UT). The pH w as measured using an Orion pH m eter model 4 1 OA 
(Orion Research Inc., Boston, MA).
The assay  consisted of five treatm ents with four replicates each. 
Randomly selected blood cham bers recieved either DB or bovine blood having 
Na Citrate concentrations of either 8 mM, 16 mM, 24  mM, or 32 mM. 
Treatm ents were replicated within tw o relative humidity ranges, 50-65%  and 
65-80% . The repeat cycle timer w as se t to  run the vaporizer for 2 min every 
5 min for 65-80 RH, and 1 min every 5 min for 50-65 RH. Relative humidities 
were m easured and recorded using a printing hygrom eter/therm om eter 
(Fisherbrand, Fisher Scientific,Pittsburgh, PA.).
Test Assay. This assay  w as conducted to determine variance among 
feeders. All feeders (20) contained unw ashed dog hair and a ratio of 50:20 
(female to  male) cat fleas. Citrated bovine blood (CB, 8 mM) w as used in 
each feeder. Egg production, blood consum ption, and mortality was 
recorded. Correlation betw een the quantity of egested blood versus the 
number of eggs produced w as determined by linear regression.
Packed Cell Volume (PCV). Because adult fleas feed in capillary areas 
(Lavoipierre & Hamachi 1969) where the  RBC concentration is lower than in
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free running blood, the effects of PCV on egg production, blood 
consum ption, and mortality w as studied. Seventeen plain capillary tubes 
(CMS Labcraft, No 260-943) were filled with citrated bovine blood (8 mM) 
and centrifuged for 10 min a t 10,000 rpm (Micro-Capillary Centrifuge, Model 
MB, International Mfg., Needham Hts, MA). Packed Cell Volume w as then 
determined using a PCV counter (International Micro-Capillary Reader, 
International Equipment Co., Boston, MA). The mean PCV w as 26.3  ± 2 .1 6  
%. Reconstitution of RBC+ plasma treatm ents w as based upon this PCV.
The volume of red blood cells in 100 ml of bovine blood w as reduced to 
approximately 43 ml after centrifugation a t 2500 rpm for 20 min. The 
plasma in the  supernatant w as removed and the remaining buffy coat layer 
and red blood cells w ere mixed. Plasma and RBC w ere then recombined. 
Treatm ents consisted of 25 (41 ml RBC+ 59 ml plasma), 10 (16.35 ml 
RBC+ 86 .65  ml plasma, and 1% (1.64 ml RBC+ 9 8 .36  ml plasma) PCV. 
Blood Cham bers and feeders were prepared as previously reported.
Sex Ratios
Sex Ratio Comparisons. The influence of sex ratios on egg production, 
blood consum ption per egg produced (//l/egg), and mortality w as studied. 
Four ratios: 60:10, 50:20 , 35:35, and 20:50  (female to  male) were 
com pared. This assay  w as conducted a t 22 .5  ±  2°C , 75%  RH for 10 d. 
Preparation of blood cham bers and feeders w as as previously described; CB 
(8 mM) w as used in all chambers.
2 0
Bull Blood versus Steer Blood. A 10 d assay w as conducted to determine 
the effects of female to male flea ratios (100:20 and 50:20) and blood 
obtained from either bulls or steers on egg production, blood consumption, 
and mortality. The four treatm ents were 50:20  maintained on defibrinated 
steer blood (S), 50:20 maintained on defibrinated bull blood (B), 100:20S, 
and 100:20B, with four replicates of each. Defibrinated bovine blood was 
collected and stored as previously described. Blood cham bers and feeders 
were prepared as formerly reported.
Testosterone Studies 
T estosterone Levels. A 10 d assay w as conducted to m easure the 
possible direct effects of blood testosterone levels on egg production, blood 
consum ption, and mortality of adult cat fleas. Blood cham bers and feeders 
(50 fem ales to  20 males) were prepared as previously described. Bovine 
blood w as collected via venepuncture from three steers that were 
approximately 2.5 yr old and had been castrated in the previous year. An 
RIA te s t kit specific for testosterone (Diagnostic System s Laboratories Inc., 
W ebster, TX.) w as used to  determine testosterone levels in sam ples. Testing 
w as conducted a t the Department of Animal Science Radiation Laboratory, 
Louisiana S tate University and Agricultural and Mechanical College, Baton 
Rouge, LA. W ater soluble testosterone (Sigma Chemical Co., St Louis, MO.) 
w as dissolved in double distilled w ater and stock solutions were prepared 
using serial dilutions. Treatm ents consisted of untreated steer blood, steer
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blood containing either 5 ,1 0 , or 20 ng/ml of testosterone with four replicates 
of each. Testosterone concentrations were selected according to  the natural 
range of testosterone blood levels occurring in un-neutered male domestic 
cats, dogs, and bovines, which is 1-10 ng/ml (Foote et al. 1976, Reimers et 
al. 1991).
Substitute Blood Meal and Serum Studies
Substitute Blood Meal. A 10 d comparison of egg production, blood 
consum ption U/l/egg), and mortality of adult cat fleas maintained on an 
artificial host system  and provided with either citrated bovine blood (30 mM) 
or a substitu te blood meal w as conducted. All substitute blood formulations 
are referred to  as Kogan formulas (Kogan, 1991). Each 10 ml blood meal 
consisted of 2 .3  ml hemoglobin (35 mg/ml); 3 .0  ml gamma globulins (50 
mg/ml); 3 .4  ml albumin (300 mg/ml); 0 .5  ml ATP (5 mM); and 0 .8  ml of 
either double distilled w ater or saline buffer. The com ponents were dissolved 
in either double distilled w ater (except gamma globulins which were dissolved 
in 400  mM NaHC03 ) or buffered saline (Kogan + saline). The concentration 
of glucose w as 5.8 mM in treatm ents using glucose (Kogan + glucose; 
K ogan+saline + glucose). The artificial host system , including blood 
cham bers and feeders, w as prepared as previously described.
Substitute Serum (SS) + Plasma. The effect of adding plasma to a diet 
consisting of RBC+ substitute serum upon egg production, blood 
consum ption, and mortality w as studied. RBC and plasma were collected
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and prepared as previously described. Substitute serum  consisting of bovine 
albumin and gamma globulins w as prepared from stock solutions in a ratio of 
**7:1. Concentrations of albumin and gamma globulins in the treatm ent diets 
were 15 and 102 mg/ml, respectively. Treatm ent diets consisted of either 
9 .2  ml RBC, 25.6  ml of substitute serum (SS), and 5 .2  ml saline buffer per 
4 0  ml of diet; or 9 .2  ml RBC, 25 .6  ml of SS, and 5.2 ml of bovine plasma; 
or 9 .2  ml RBC, 20.7 ml of SS, and 10.4  ml of bovine plasma.
Whole Red Blood Cells versus Lvzed Red Blood Cells. A comparison of 
the egg production, blood consumption, and mortality of adult c a t fleas 
maintained on the artificial host system  and provided with either bovine blood 
(CB), w ashed red blood cells (RBC) +  substitute serum (SS), lyzed red blood 
cells (LRBC) + SS, or LRBC + SS + ATP w as conducted to  determine if whole 
blood cells were an essential com ponent of the adult cat flea diet. This 10 
d study consisted of four treatm ents with four replicates of each. Blood 
cham bers and feeders, w ere prepared as previously described.
Lyzed red blood cells were obtained by combining 50 ml of freshly 
collected RBC and 10 ml of double distilled water, and gently swirling the 
mixture for several minutes. Lyzed cells w ere stored at 5°C for 2 4  hours 
before use.
Citrated bovine blood w as collected and stored as formerly reported. The 
RBC+ SS w as prepared by combining 43 ml of washed RBC, 34 ml of stock 
albumin, 15 ml of stock gamma globulins and 8 ml of saline buffer (pH 7 .38 ,
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296 mOsm), yielding a final concentration of 169, 102, and 15 mg/ml per 
blood meal respectively. The LRBC+ SS w as prepared by combining 75 ml 
LRBC, 51 ml of stock albumin, 22.5 ml of stock gamma globulins, and 1.5 
ml of buffered saline (pH 7.28; 289 mOsm). Fifty p\ of ATP w as added to 
the LRBC + SS formulation as required for LRBC + SS + ATP experimental 
units. The total hemoglobin (mg/pl) per treatm ent w as 0 .164  (CB), 0 .169  
(RBC), and 0.141 (LRBC).
The Effects of a 1:1 Ratio of Albumin and Gamma Globulins on Substitute 
Serum. A comparison of the egg production, blood consum ption, and 
mortality of adult cat fleas maintained on an artificial host system  and 
provided with either WB, RBC+ SS, RBC+ S S +  ATP, w as conducted to 
determine if the  ratio of serum com ponents influenced the egg production, 
blood consum ption, and mortality of adult cat fleas. RBC's and ATP were 
prepared as previously described. Equivalent volumes of RBC plus stock 
solutions of bovine albumin and gamma globulins w ere combined yielding a 
final concentration of 3 6 .70  mg/ml of albumin, and 3 9 .70  mg/ml of gamma 
globulins (pH 7.63; 295 mOsm)(Albritton, 1952). The total hemoglobin 
(mg/|/l) per treatm ent w as 0 .165 (CB) and 0 .203  (RBC).
RESULTS
Animal Hair Substrate Studies. Hair source had a significant effect on 
both egg production and mortality. Egg production w as highest on unwashed 
dog hair (ANOVA, p <  0 .0091 , Table 1.1). There were no differences in egg
production of fleas maintained on unwashed dog hair and unwashed cat hair 
nor betw een those maintained on hexane washed and unwashed ca t hair 
(ANOVA, p >  0 .05 , Table 1.2), but egg production by fleas in feeders 
containing cat hair w ashed in soap and w ater w as significantly lower than 
the other treatm ents (ANOVA, p <  0.0093). Although there w ere no 
significant differences in the  number of eggs produced by adult female fleas 
maintained in feeders containing bull hair or steer h a ir , the  number of eggs 
produced on unwashed dog hair was greater than egg production on bull and 
steer hair (Table 1.3). Mortality w as very high when hair w as not present 
(ANOVA, p = 0 .0001 , Table 1.3).
Table 1.1. The effects of treated and untreated dog hair upon egg 
production by adult female cat fleas [Ctenocephalides fe/fc(Bouch6)] 
maintained on an artificial host system  for 15 d.
Treatm ent Eggs (No.±SD) No. Dead(±SD)
Hexane 583 .33  ± 197.39  a 6 4 .34  ± 13.93a
W ater 2 15 .00  ± 238 .93  ab 85 .75  ± 16.45a
S o ap +  W ater 6 4 .00  ± 7 .07  b 95 .99  ± 0 .51b
Unwashed 1296 .67  ± 257 .06  c 19 .00  ± 16.17c
Means followed by the sam e letter are not significantly different (ANOVA, p 
> 0 .05). Tukey's Multiple Comparison. Four replicates per treatm ent each 
having 100 fem ales and 20  males, n = 1920, n,= 120.
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Table 1 .2 . The e ffec ts  o f hair type (cat or dog) and hair treatm ent on the
eg g  production and mortality o f adult fem ale cat fleas [CtenocephaUdes felis
(Bouch6)] maintained on an artificial h o st system  for 15  d.
Treatm ent Eggs (No.±SD) No. Dead(±SD)
Hexane 
Cat Hair
3 00 .00  ± 204 .26  b 8 .50  ±  5 .20 a
Soap + W ater 
Cat Hair
10 .00  ± 12 .17  c 80 .75  ± 3 .78  b
Unwashed 
Cat Hair
573 .00  ± 112 .04  ab 6.50  ± 3 .70  a
Unwashed 
Dog Hair
756 .67  ±  129 .78  a 1.75 ±  2 .22 a
M eans within columns followed by the  sam e letter are not significantly 
different (ANOVA, p > 0 .0 5 ) .  Tukey's Multiple Comparison. Four replicates 
per treatm ent each having 100 females and 20  males, n =  1920, nj= 120.
Table 1 .3 . The effects of either no hair, bull hair, steer hair, or unw ashed 
dog hair on the egg production and mortality of adult female cat fleas 
[CtenocephaUdes feUs (Bouch6)] maintained on an artificial host system  for 
15 d.
Treatm ent Eggs (No.±SD) No. Dead(±SD)
No Hair 0  a 9 1 .00  ±  9 .03  a
Bull Hair 25 .70  ±  15.11 a 31 .50  ± 11.12 b
Steer Hair 28 .00  ±  18 .36  a 28 .25  ±  9 .6 4  b
Dog Hair 615 .00  ± 181.15 b 21.25 ±  7 .09  b
Means within columns followed by th e  sam e letter are not significantly 
different (ANOVA, p >  0 .05). Tukey's Multiple Comparison. Four replicates 
per treatm ent each having 100 females and 20 males, n=* 1920, n,= 120.
General Blood Studies. The osmolarity m easurem ents (mOsm/liter) for 
DB, 8 mM, 16 mM, 24  mM, and 32 mM CB w ere 268 ±  3 .00, 302 .33  ± 
2 .08 , 3 4 1 .6 7  ± 2.31, 370 .25  ±  3 .30, and 414 .75  ±  2 .87 , respectively. 
A significant interaction betw een RH and Na Citrate concentrations precluded 
com parisons betw een treatm ents (50-65%  RH F=  23 .76 , d f=  4; 65-80%  
RH F -  9 .79 , d f=  4, Table 1.4). Egg production in all treatm ents provided 
with either DF or 8 mM CB began on day 2 while production in those 
treatm ents provided with 24 mM or 32 mM CB began on day 3. Egg 
production occurred in tw o of the units provided with 16 mM CB on day 2 
and in the  other two treatm ents on day 3. The few est number of eggs were 
produced by fleas provided with 32 mM CB (Table 1.4). Fleas fed blood 
containing 32  mM Na Citrate consum ed more blood per egg and produced 
few er eggs than other treatm ent groups a t both RH (Table 1.4). The data 
show  a direct relationship between mortality and citrate concentration (r = 
0 .791). The mortality of fleas in the 32 mM groups w as greater than the 
other treatm ents.
Test Assay. Average egg production per feeder by a ratio of 50 females 
to  20 males tha t were provided with 8 mM CB over a period of 10 d was 
1762.31 ±  282 .80  (n=  1400, nj= 70, 20 replicates). This represents a 
16%  variance within the system . Mean egg production per day per female 
fed CB w as 4 .3 3  ±  0 .9 0  with a range of 3 .03- 6 .24. Peak egg production 
per day per female w as 6 .07 ±  1.03 ( ra n g e -  4 .21-7 .81). Mean blood
27
consum ption per egg produced w as 3 .35  ±  0 .30 . Average mortality was 
4 .0 6  ±  2.61 (5.80% ). A positive correlation (r=  0 .805) w as found betw een 
consum ption and egg production, i.e. egg production increased as blood 
consum ption increased (^l/egg).
Packed Cell Volume (PCV). There w ere significantly more eggs produced 
by fleas provided with 25%  PCV then produced by those provided with either 
10 or 1 % PCV (ANOVA, p =  0 .0001 , Table 1.5.). The a/I of blood consumed 
per egg increased as the PCV decreased. There were no differences in flea 
mortality (Table 1.5).
Sex Ratio Studies. Average egg production in the  35:35, 50:20, and 
60 :10  treatm ents were not significantly different from each other but were 
significantly greater than egg production by the 20 :50  treatm ent (ANOVA, 
p =  0 .001). Average egg production per female in the  35:35 and 20:50 
treatm ents w as 42 .9  and 38.86, respectively. Mean egg production per 
female in the  60:10 and 50:20 groups w as 28 .4  and 28 ,9 , respectively. 
There w ere no significant differences in blood consumption per egg and 
mortality (Table 1.6). There were no significant differences in blood 
consum ption per egg and mortality betw een the  50B, 50S, 100B, and 100S 
treatm ent groups. Although mean egg production w as greater in the 50B and 
100B treatm ents when compared with the  50S and 100S treatm ents, they 
were not significantly different (ANOVA, p =  0 .0615 , Table 1.7).
Table 1 .4 . The e ffects  o f relative humidity and sodium citrate concentrations on the egg  production, blood
consum ption per egg  (pl/egg), and mortality o f adult cat fleas [Ctenocephaffdes felis (Bouch6)] maintained on
an artificial host system  for 10  d.





U S D )
50-65%  RH
0 150.00 ±  113.73 15.13 ±  5 .20 19.67 ± 3 .79
8 447 .67  ±  206.71 5 .54  ±  2.75 26.33 ±  4 .50
16 209.67  ±  104.00 11.77 ± 5.29 31.50 ±  5.69
24 51.67 ±  13.50 19.55 ± 4.77 28.00 ±  4.61
32 4 .00  ±  6.93 51.82 ± 14.50 44.75 ±  5.19
65-80%  RH
0 228.67 ±  120.70 8 .20  ± 2.57 0.33 ±  0 .58
8 354.67  ±  126.02 7 .2 4  ±  1.77 1.00 ±  0 .00
16 247 .00  ±  70.70 9.81 ±  3.60 4 .33 ±  2 .52
24 102.67 ±  74.57 15.10 ±  7.97 7.75 ±  5 .06
32 31.67  ± 9.07 49 .16  ±  13.89 18.00 ± 2 .94
Four replicates per treatm ent each having 50 females and 20 males, n = 2800, r \ -  70. (ANOVA, 50-65% 
RH F =  23.76, df = 4; 65-80%  RH F =  9.79 d f=  4))
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Table 1 .5 . The e ffec ts  o f packed cell volum e (PCV) on egg  production, blood consum ption per egg
(//l/egg), and mortality o f adult cat fleas [Ctenocephaffdes feffs (Bouch6)] maintained on an artificial host
system  for 10 d.
Treatment Egg Production(±SD) ConsumptionO^I/egg ±  SO) No. Dead(±SD)
25%  PCV 668.67  ±  172.51a 3.90 ±  0 .67a 13.00 ±  3 .56a
10%  PCV 231.67  ±  203.21b 45.31 ±  13.07b 10.67 ± 12.42a
1 % PCV 137.67 ±  75.75b 142.72 ±  18.97c 19.00 ± 6.56a
Means within columns followed by the the same letter are not significantly different (ANOVA, p >  0.05). 




Table 1 .6 . The e ffec ts  o f sex  ratio on egg  production, blood consumption per eg g  OvI/egg), and mortality
o f adult cat fleas [Ctenocephaffdes feffs (Bouch6)] maintained on an artificial host system  for 10 d.
Treatment Egg Production(±SD) Consum ption ±  SD) No. Dead(±SD)
60:10“ 1702.00  ±  206.72a 4 .40  ±  0 .67a 7 .67  ±  1.15a
50:20 1446.33 ±  245.00a 4.12 ±  0 .68a 6 .67 ±  2.08a
35:35 1501.33 ±  292.88a 3.56 ±  0 .36a 6 .67 ±  0.58a
20:50 777 .25  ±  132.69b 5.21 ±  0.65a 4 .5 0  ±  1.29a
Means within columns followed by the sam e letters are not significantly different {ANOVA, p >  0.05). Tukey's 
Multiple Comparison. “Female to  male. Four replicates per treatm ent, n = 1120, n,= 70.
CaJ
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Table 1 .7 . The e ffec ts  of either defibrinated steer (S) or bull (B) blood on the egg  production, blood
consum ption per eg g  Url/egg), and mortality o f tw o ratios o f adult cat fleas [Ctenocephaffdes fe//s(Bouch6)]
placed in maintained on an artificial host system  for 10  d.
Treatment Eggs(No.±SD) Consumption(//l/Egg ±  SD) No. Dead(±SD)
50 Sx 4 17 .00  ±  150.84a 7.15 ±  1.52a 4.50 ± 1.91a
50 B 607.00  ±  185.37a 6.87 ±  1.95a 5.75 ±  1.50a
100 Sv 4 98 .00  ±  177.00a 8.53 ±  1.54a 12.75 ± 7.41a
100 B 621 .00  ±  240.81a 7.47 ±  0 .54a 11.00 ± 7.81a
Means within columns followed by the same letter are not significantly different (ANOVA, p >  0.05). Four 
replicates per treatm ent. S =  steer, B= bull. x 50 females and 20 mates per fee d e r.v 100 females and 20 
males per feeder, n = 1520.
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Testosterone Assay. Testosterone levels In the blood of the three steers 
used as donors during these  assays were 0 .04 , 0 .03 , and 0 .0 4  ng/ml, 
respectively. Egg production in the 5 ng/ml treatm ent w as significant 
(ANOVA, p =  0.021}, however, there were no differences in egg production 
betw een the  0, 10 and 20 ng/ml treatm ents (Table 1.8). Likewise, there 
were no differences in blood consumption per egg, mortality, or ovary 
developm ent betw een the treatm ents (Table 1.8).
Substitute Blood Meal and Serum Studies. Egg production betw een CB 
and Kogan + buffer w as not different (ANOVA, p > 0 .05). There were no 
eggs and no detectable blood consumption in treatm ents provided with 
Kogan formulations lacking saline buffer (Table 1.9). There were significant 
differences in blood consumption per egg produced betw een CB and the two 
treatm ents with Kogan +  buffer. Mortality w as significantly different among 
treatm ents (ANOVA, p =  0.0020).
Egg production in treatm ents provided with RBC w as significantly lower 
than all other treatm ents (ANOVA, p =  0.0001) while those with RBC + 
plasma w ere not significantly different from CB (Table 1.10). Blood 
consum ption per egg produced was greater in the RBC treatm ent (ANOVA, 
p =  0 .001). Mortality w as not different among treatm ents (Table 1.10).
Table 1 .8 . The e ffects  o f testosteron e on the egg  production, blood consumption per egg  (pl/egg),
mortality, and % ovary developm ent o f adult cat fleas \Ctenocephalides fefis (Bouchd)l maintained on an
artificial host system  for 10  d.
no/ml* Egg Productions SO) Consumption(/d/egg ±SD| No. Dead(± SD) % Ovary Dev.(±SD)
0 1353.00 ± 89.59a 4.95 ± 1.42a 4.00 ± 1.15a 85.73 ± 5.92a
5 1994.00 ± 48.78b 4.78 ± 1.19a 5.50 ± 4.20a 89.25 ± 2.86a
10 1454.33 ± 70.88a 3.81 ± 0.73a 2.25 ± 1.26a 92.70 ± 1.49a
20 1235.50 ± 217.05a 4 .64  ± 0.58a 3.50 ± 3.79a 89.30 ± 7.47a
Means within columns followed by the sam e letters are not significantly different (ANOVA, p <  0.05} Tukey's 
Multiple Comparison. Four replicates per treatm ent each having 50 females and 20 males n = 1120, n, = 70. 
# Additional testosterone added above natural level in steers.
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Table 1 .9 . The e ffects  o f a substitute blood meal formulations on the eg g  production, blood consumption
per eg g  (//l/egg), and mortality o f adult cat fleas [Ctenocephaffdes feffs (Bouch6)] maintained on an artificial
host system  for 10  d.
Treatment Egg Productiont ±  SD) Consumption U/l/egg ±  SD) No. Dead(±SD)
CB 95.00 ±  2.83x 15.06 ±  8.57x 26.5 ±  3.42x
Kogan+ " 
Buffer




57.33 ±  18.77y 29.70 ± 8.49y 19.33 ± 2.08y
Kogan b 0 0 9.25 ±  0.96z
Kogan + 
Glucose
0 0 21.50 ±  12.15xy
Means within columns followed by the same letter are not significantly different (ANOVA, p >  0.05). Tukey's 
Multiple Comparison. Four replicates per treatm ent n =  2400, n{= 120. * Gamma Globulins (50 mg/ml), 
albumin (300 mg/ml), and hemoglobin (35 mg/ml) dissolved in a saline buffer containing 140 mM Na+, 5 mM 
K+, 100 mM Ci\ 5 mM H2P04‘, and 4 0  mM HC03‘, 5 mM ATP added twice daily. b Same as Kogan + buffer 
except gamma globulins were first dissolved in 400 mM NaHCOa. Double distilled water was used in place 
of saline buffer. Concentration of glucose was 5.8 mM.
CO
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Table 1 .1 0 . The e ffec ts  o f an alternate blood meal on the egg production, blood consum ption per egg
(//l/egg), and mortality o f adult cat fleas [Ctenocephaffdes feffs (Bouchg)] maintained on an artificial host
system .
Treatment Egg Production! ±SD) Consumption(//l/egg ± SD) No. Dead(±SD)
CB 576.00 ± 216.08a 5.63 ±  1.43c 14.67 ±  6.81a
RBC* 147.00 ±  53.36b 22.55 ± 6.94d 6.00 ± 1.41a
RBC + 
plasmav 628.00  ± 120.04a 3.61 ± 1.11c 7.33 ±  2.08a
RBC+ 2 
plasma1
782.33 ±  215.40a 3.60  ±  0 .55c 10.00 ± 1.00a
Means within columns followed by the same letter are not significantly different (ANOVA p >  0.05). Tukey's 
Multiple Comparison. Four replicates per treatm ent each having 100 females and 20 males n = 1920, n{ = 
120. * 9 .2  ml washed red blood cells (RBC), 15 mg/ml gamma globulins, 102 mg/ml albumin, 5.2 ml saline 
buffer/10 ml of diet.y 9 .2  ml RBC, 15 mg/ml gamma globulins, 102 mg/ml albumin, 5.2 ml citrated bovine 
plasma/10 ml of diet.* 9.2ml RBC, 15 mg/ml gamma globulins, 102 mg/ml albumin and 10.4 ml citrated bovine 




Lvzed RBC versus RBC. Mean egg production w as significantly different 
in all treatm ents (ANOVA, p =  .0001, Table 1.11). The eggs produced in the 
LRBC and LRBC+ ATP treatm ent groups failed to  hatch while an average of 
87 .33  ±  1.53%  and 81 .33  ± 3 .22%  hatched in the  CB and RBC 
treatm ents, respectively. Blood consumption in jc/l/egg w as not different in 
the CB and RBC treatm ent groups. There w as significantly lower in mortality 
in the CB and RBC experimental units than in the tw o LRBC treatm ents, 
which w ere equivalent (Table 1.11).
RBC versus RBC + ATP. Egg production w as highest in the CB treatm ent 
(ANOVA, p =  0 .0001; Table 1.12). Blood consum ption in //l/egg w as not 
different among treatm ents. There were no significant differences in 
mortality betw een the CB and RBC treatm ent groups likewise there w ere no 
differences in mortality between the RBC and RBC+ ATP treatm ents (Table 
1 . 1 2 ).
T estosterone Assay using an Alternate Blood Meal. Egg production in the 
CB, RBC+ 10, and RBC+ 20 treatm ents were similar (ANOVA, p >  0 .05 , 
Table 1.13) but egg production w as higher in the  CB treatm ent when 
compared with RBC and RBC+ 5 ng/ml of testosterone (ANOVA, p = 
0 .0160). Blood consumption per egg and ovary development for all 
treatm ents w as the  sam e. Mortality in the RBC and the RBC + 20 ng/ml of 
testosterone treatm ent w as significantly different from CB but not from the 
other treatm ents (ANOVA, p =  0 .001 , Table 1.13).
Table 1 .1 1 . The e ffects  o f alternate blood meal formulations” on the egg  production, blood consumption
per egg  (//l/egg), and mortality o f adult cat fleas [Ctenocephaffdes feffs (Bouch6)] maintained on an artificial
h ost system  for 10  d.
Treatment Egg Production! ±SD) ConsumptionOul/egg ±  SD) No. Dead(±SD)
CB 1304.33 ± 114.07a 3 .90  ±  0 .34a 4.75 ±  2.22a
RBC 718.00  ±  99.79b 4 .62  ± 0.68a 7.67 ± 3.05a
LRBC 83.75 ± 11.18c 19.45 ±  6.54b 18.75 ± 6.70b
LRBC + 
ATP
164.33 ±  14.57d 13.80 ±  0 .79c 10.00 ± 5.29ab
Means within columns followed by the same letters are not significantly different ( ANOVA p > 0.05) Tukey's 
Multiple Comparison. Four replicates per treatm ent with 50 females and 20 males, n =  1120, n,= 70. ‘washed 
red blood cells (RBC) + bovine albumin + bovine gamma globulins («  7:1 ratio of albumin to gamma globulins) 
(SS); lyzed red blood cells (LRBC)+ SS; or LRBC+ SS +  ATP (1 mM). N = 4.
co-j
Table 1 .1 2 . The e ffects  o f alternate blood meal formulations1 on the egg production, blood consum ption
per eg g  (pi/egg), and mortality by aduit cat fleas [Ctenocephalides feffs (Bouch6)] maintained on an artificial
h o st system  for 10 d.
Treatment Egg Production(±SD) Consumption(//l/egg ±SD) No. Dead(±SD)
CB 1499.33 ±  51.63a 3.80 ±  0 .51a 2.75 ±  1.26a
RBC 745.75 ±  137.49b 4.09 ±  0 .58a 9.00 ±  5.10ab
RBC + 
ATP
862.00  ±  126.19b 3.52 ± 0 .50a 8.25 ± 4.50b
Means within columns followed by the same letters are not significantly different (ANOVA p >  0.05) Tukeys 
Multiple Comparison. Four replicates per treatm ent each having 50 females and 20 males, n =  840, rij= 70. 
* w ashed red blood cells (RBC) +  substitute serum (SS)(bovine albumin + bovine gamma globulins, ratio ** 
1:1); RBC+ S S +  ATP (1mM)
w
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Table 1.13. The effects of testosterone on the egg production, blood consumption per egg (pl/egg), 
mortality , and % ovary development for 10 d by adult cat fleas [Ctenocephalides feffs (Bouch6)] maintained 
on an artificial host system  for 10 d and provided with either 8  mM citrated bovine whole blood or washed 
red blood cells + substitute serum + 5 ,1 0 ,  or 20 ng/m( of testosterone.
Treatment Egg Production! ±SD) Consumptions/egg ±SD) No. Dead(±SD) % Ovary Dev.( ± SD)
CB 1468.25 ± 477.42a 3.35 ± 0.15a 2.00 ± 2.00a 87.40 ± 11.07a
RBC 821.50 ± 143.96b 3.58 ± 0.27a 11.50 ± 4.04b 80.69 ± 7.25a
RBC+ 5 709.75 ± 213.88b 3.66 ± 0.15a 7.00 ± 3.46ab 80.18 ± 10.34a
RBC+ 10 1016.00 ± 303.64ab 4.55 ± 0.59a 6.50 ±  4.44ab 86.74 ± 6.93a
RBC+20 988.00 ± 186.66ab 4.08 ± 0.65a 9.00 ± 2.31b 87.75 ± 4.54a
Means within columns followed by the sam e letters are not significantly different (ANOVA, p >  0.05) Tukey's 




A primary goal of this investigation w as to identify factors th a t affect the 
egg production, blood consumption, and mortality of fleas maintained on an 
artificial host system  and to use these  findings to approximate conditions 
occurring on natural host animals. It w as determined th a t animal hair 
substrates, sex  ratios, PCV, and Na Citrate levels can affect the performance 
of cat fleas maintained on an artificial host system . For example, a t the 
concentration of Na Citrate used by W ade & Georgi (1988) egg production 
began after 72 hr; while a t lower concentrations, egg production occurred 
within 48 hr, duplicating that observed on cat hosts (Osbrink & Rust 1984). 
Guerrero et al. (1993) showed that decreased egg production and increased 
mortality in a laboratory colony of Haematobia irritans (Linn.) w as directly 
related to higher Na Citrate concentrations. These sam e effects were 
observed on the cat fleas used in this study. Unwashed dog hair and cat hair 
were found to  be acceptable animal hair substrates, and the PCV occuring in 
whole blood w as found to  be appropriate for use with the artificial host 
system .
Assays comparing egg production of fleas in ratios of 100:20 and 50:20 
(females to  males) w ere based upon those utilized by W ade and Georgi 
(1988). Hinkle e t al. (1991) noted that 68%  of the fleas removed from cats 
in a laboratory colony were female (*» 50 :20  ratio). The estim ated on-host 
longevity of male and female cat fleas averages 7 .2  and 11.2  d, respectively
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(Osbrink and Rust, 1984). This implies tha t under natural conditions, the 
population of females would exceed tha t of males. The fact tha t W ade & 
Georgi (1988) recommended the use of a ratio of 100:20 (females to  males) 
suggested th a t one male is capable of multiple matings, but there are no 
studies supporting the  occurrence of multiple mating in cat fleas. Our data 
show  a density-dependent response with respect to the male population and 
egg production. Unlike cat flea populations on natural hosts, ca t flea 
populations maintained on artificial hosts are static. This possibly accounts 
for differences in egg production. It is also probable tha t host physiology 
plays a significant role as suggested by egg production by fleas maintained 
on bull and steer blood.
There w as greater egg production by fleas maintained on bull blood than 
those maintained on steer blood (Table 1.7). Dobson e t al. (1970) reported 
that a greater number of horn flies {H. irritans) were counted on steers 
injected with testosterone than on untreated steers. Haas (1966) sta ted  that 
the incidence of cat fleas w as greater on male m ongooses than on females. 
Similarly, Hopkins (1980) reported that 71 .7%  of male opossum s captured 
and examined were infested with fleas while only 41.7%  of the fem ales were 
infested. Lehmann (1992) observed a greater number of fleas [Synosternus 
c/eopatrae (Rothschild)] on male gerbils than on females. Williams (1993) 
reported th a t significantly more eggs were produced by ca t fleas maintained
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on a bull calf than on a female calf and that few er fleas produced eggs when 
fed on a female calf.
When testosterone  w as added to steer blood, only the  5 ng/ml treatm ent 
significantly increased egg production. These data support the notion that 
testosterone  and possibly other host horm ones can have an effect on flea egg 
production (Mead-Briggs & Rudge 1960). Although studies conducted by 
Lehman (1992), Hopkins (1980), Dobson et al. (1970), and Haas (1966) 
show  increases in the number of adult horn flies and fleas on male hosts, 
they did not address the question of fecundity. Williams (1993) cited a 
number of factors tha t could account for differences in ca t flea fecundity on 
bulls and heifers, including stress-related changes in th e  animals. W hereas 
the artificial host system  eliminates som e factors, constituents still remain in 
the blood th a t could potentially affect flea egg production. Therefore, the 
possibility of using either a substitute or alternate blood meal for hormone 
assays w as explored.
Kogan (1990) successfully used a substitute blood meal formulation for 
the m aintenance of Ae. aegypti. This formulation proved ineffective on cat 
fleas and w as subsequently shown to be hypotonic to  whole blood (Table 
1.12). Galun (1966) cited tonicity as a major factor in the  feeding responses 
of X. cheopis. The results of this assay indicated tha t an effective substitute 
blood meal for cat fleas must be isotonic to  whole blood. The data also 
dem onstrated that fleas provided with the alternate blood meal containing
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intact RBC produced significantly more eggs than those provided with lyzed 
RBC and indicated that intact RBC w ere an essential dietary com ponent 
{Table 1.13). The addition of ATP to lyzed RBC essentially doubled egg 
production. It is known that ATP can function as a feeding stimulant (Galun 
1966, 1975, Galun &Margalit 1969, and Friend & Smith 1977) perhaps ATP 
is provided by the intact RBC.
The alternate blood meal selected to  further study the  possible effects 
testosterone upon egg production, blood consumption, and ovary 
development, consisted of triple w ashed RBC plus a substitute serum  (1:1 
ratio of albumin and gamma globulins) dissolved in a saline buffer. Although 
this meal contained major nutrients essential for egg production, other 
com ponents normally found in whole blood, including horm ones, enzym es, 
free amino acids, etc. were absent. Furthermore, the alternative blood meal 
was not subject to the daily cyclic changes associated with vetebrate host 
blood. Egg production of fleas fed CB or the alternate blood meal with 
testosterone concentrations of 10 and 20  ng/ml were equivalent while egg 
production of fleas fed whole blood w as higher than the  0 and 5 ng/ml 
treatm ents (Table 1.13). This higher egg production w as unrelated to  blood 
consumption per egg, survival, and the number of females producing eggs. 
These data indicate tha t vertebrate hormones can affect cat flea fecundity. 
The exposure to  these hormones could have been both oral and topical. 
Testosterone or a by-product could have passed through the digestive system
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of fleas on the artificial host in the urine or feces and created a residue on the 
substrate tha t produced direct effects upon the fleas held in the feeding 
cham bers. Rothschild and Ford {1964} show ed that the external application 
of hydrocortisone induced maturation and egg laying by S. cuniculi.
In conclusion, it w as found that maximum consistency in fecundity and 
survivorship of adult c a t fleas maintained on an artificial host system  resulted 
when: (1) ratios of 50 :20  (females to  males) were used; (2) feeding 
cham bers contained substrates of either un-treated cat or dog hair; (3) fleas 
were provided with a blood meal containing low concentrations of sodium 
citrate ( « 8  mM); and (4) the system  w as maintained at 22 .5°C  within a 65- 
80%  RH range. Under these  conditions, egg production began on day 2, 
peaked betw een days 5-7, and declined steadily from day 8 until day 10.
The data indicate tha t the  primary source of ATP appears to be RBC and 
that intact red blood cells are essential to  maximum egg production. The 
packed ceil volume studies showed greater egg production by fleas provided 
with blood meals having higher PCV. These findings concur with those  of 
Galun (1966), who found that maximum engorgem ent in X. cheopis occurred 
on whole blood only; however, maximum food uptake occurred at lower PCV 
(i.e., engourgem ent did not occur).
Finally, certain concentrations of testosterone added to  steer blood and 
an alternate blood meal were related to  increased egg production by cat fleas. 
Mead-Briggs and Rudge (1960) dem onstrated tha t ovarian development did
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not occur unless S. cuniculi fed on a pregnant rabbit, thus showing for the 
first time a direct correlation betw een host hormone levels and insect 
reproduction. The presence of testosterone along with its precursors and 
metabolites has been identified in the larvae of Sarcophaga builata Parker. 
(De Clerck et al., 1983; Denlinger e t al. 1987). Lehoux and Sandor (1969) 
dem onstrated that male gonad preparations of the house cricket [Grylfus 
domesticus (Linn.)] could convert testosterone to  androstenedione thereby 
dem onstrating that testosterone could induce biochemical activity in the 
reproductive tissues of male insects. All arthropods are not affected by 
vertebrate horm ones (Denlinger e t al. 1987), but testosterone  or a 
testosterone metabolite does appear to  affect the fecundity of cat fleas.
CHAPTER 2
THE EFFECTS OF FLEA EGG CONSUMPTION UPON CAT FLEA 
(SIPHONAPTERA: PULICIDAE) LARVAL DEVELOPMENT
INTRODUCTION
Female insects instinctively provide adequate food resources for 
developing young either directly or indirectly. For example, female 
phytophagous lepidopterans deposit their eggs on or near suitable host plants 
(Feeny et al., 1983). Solitary hym enopterans (e.g. ECtmenes frat&rnus Say.) 
provide developing off-spring with a cache of spiders and insects, while social 
insects, such as honeybees, directly feed and care for developing larvae. 
Furthermore, the  production of trophic eggs and cannibalism has been shown 
to occur in a number of insect orders, including Coleoptera and Hymenoptera 
(Crespi, 1992).
Adult female cat fleas (Ct. fe/is) both oviposit and and defecate while 
remaining on the  host animal. Consequently, eggs and feces are scattered 
together in areas m ost frequented by the  host. It is generally agreed that cat 
flea larvae, living in their natural environment, require adult flea feces to 
sustain their development, but development beyond the third instar usually 
does not occur on feces alone (Pausch and Fraenkel, 1966; Moser e t al., 
1991; Silverman and Appel, 1994).
The identification of nutrients required for completion of the life cycle, 
other than flea feces, have yet to  be defined. Kern (1991) indicated that cat 
flea larvae feed upon a variety of materials including pet dander, injured
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larvae, and eggs. Reitblat and Belokopytova (1974) reported the occurence 
of cannibalism by both X. cheopis and Ceratophy/fus tesquorum W agner and 
stated  th a t the latter readily ate eggs even in the  presence of other 
acceptable food sources. The objective of this study w as to determine the 
possible role of egg cannibalism in cat flea larval development.
METHODS AND MATERIALS 
Flea Eq q s . Less than 24  hr old flea eggs were obtained from a cat colony 
maintained at the Louisiana State University Agricultural Center, St. Gabriel 
Argricultural Experiment Station, St. Gabriel, LA. Flea eggs were collected 
from trays beneath screened perches in each cage. They were separated 
from larger debris using a  series of sieves (USA Standard Testing Sieves 12, 
16, 35 Mesh) (Henderson & Foil, 1993). Separation of eggs from fine debris 
w as accomplished by placing the egg and debris mixture in a black teflon 
coated pan and gently tilting the pan which caused the eggs to roll to  the 
bottom  of the pan where they were collected and placed in 30 ml plastic diet 
cups for transfer to  the  laboratory. Eggs used as a food source were held at 
-15°C  for 24  hr before use to prevent hatching; these  w ere designated as 
frozen flea eggs (FFE).
Flea Larvae Collection. The larval collecting device consisted of a plastic 
60 X 15 mm petri dish with a hole («  20 mm) drilled off-center in the  bottom . 
A glass funnel, 25 mm in diameter w as attached below the opening. Half of 
the top of the dish w as painted black; leaving the other half remained clear
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(Figure 2.1). This apparatus was positioned above a 16 X 100 mm te s t  tube 
for the collection of first instars. Day old flea eggs w ere placed in th e  dish, 
and the lid was positioned with the clear portion over the eggs. A 30  W 
florescent desk lamp w as positioned over the collecting device and when 
newly hatched larvae crawled to the darkened side, they entered the  funnel 
and fell into the collecting tube. Collection was conducted at am bient 
tem perature and relative humidity. Unless otherwise sta ted , 1 d old first 
instars w ere used in all experiments. Collection and transfer of larvae was 
accomplished by placing them  in a clean glass petri dish and aspirating them  
into sterile 20  ml disposible scintillation vials. Depending upon the assay , the 
larvae w ere transferred to  either 60 X 15 mm sterile glass petri dishes or to 
16 X 100 mm sterile glass tes t tubes.
Figure 2 .1 . Larvae collecting device.
Larval Diets. Individual spirals of feces from adult fleas maintained on cat 
hosts (CHFF) were aspirated from the debris in the egg collection trays 
maintained beneath the  ca t cages. Larva rearing diet consisted of 100 g of 
ground dog food, 20 g of dried whole beef blood (United S tates Biochemical 
Corp., Cleveland, OH), and 15 g of brew er's yeast.
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Tem perature and Relative Humidity, Unless otherw ise stated, individual 
experim ents were conducted in an incubator (Precision Model 815) a t 22 .50  
±  2°C  and constant darkness. Relative humidities of 75, 65, and 55%  were 
maintained in glass covered 18.93 liter aquariums containing saturated salt 
solutions of Sodium Chloride, Sodium Nitrate, or Calcium Nitrate, respectively 
(Sweetm an, 1933; Buxton and Melianby, 1931).
Group Larval Assays
The Effects of Flea Eoos on the Development of Larvae Held in Groups at 
75. 65. or 55 % Relative Humidity. The purpose of this assay  w as tw o fold: 
to  determine if larvae provided with adult flea feces and flea eggs could 
com plete their development and to study the influence of RH upon larval 
developm ent. Fifty one-day old flea larvae w ere placed in each of 20 sterile 
60 X 15 mm glass petri dishes. Then, 6 .25 mg of CHFF w as added to  eight 
of the dishes (CHFF), 6 .25  mg of CHFF plus 100 FFE w as placed in four of 
the dishes (CHFF+ FFE), and 100 FFE w ere added to  the  remaining eight 
dishes (FFE). The condition of the larvae was observed and recorded every 
3 d prior to  day 15 and every other day thereafter. CHFF and FFE were 
replenished as needed.
On day 15, the number of living larvae and pupae w as recorded in each 
treatm ent and then 100 eggs were added to four randomly selected CHFF 
units. High mortality precluded the addition of CHFF to FFE units. On day 
25, the  number of living larvae and pupae w as recorded in the  four remaining
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CHFF units and the four CHFF units tha t recieved eggs on day 15 (CHFF + 
FFE-15).
Individual Larval A ssays.
During the  following series of assays, the  experimental units consisted of 
sterile 16 X 100 mm te s t tubes containing a single larva (n,= 30). Units 
were held in racks that were placed in covered aquariums and maintained in 
darkness a t 75%  RH, 22.5  ±  2°C  for a period of 24  d unless otherwise 
stated. Samples were examined every other day a t which time mortality and 
developmental stages w ere recorded. Between days 21 and 24, adults were 
stimulated to  emerge from the cocoons by gentle proding with a blunted 
dissecting needle.
CHFF versus CHFF plus FFE. This assay w as conducted to  quantify the 
number of eggs consum ed per larva and to calculate LT60 and LT90 values. 
Ten FFE and ten single spirals of CHFF were added to  30 tubes, and 10 
spirals CHFF w as added to  another 30 tubes. Subsequently, five FFE were 
added to  those  units having fewer than five eggs remaining; five CHFF spirals 
were added to  units having few er than five spirals. CHFF only units were held 
for 50 d. The LT60 and LTao values { i.e., the length of time required for the 
death of 50 and 90%  of the larvae, respectively) w ere calculated by probit 
analysis.
CHFF+ FFE versus CHFF + FFE+ Rearing Diet. This assay was 
conducted to  determine if cat flea larvae would consum e eggs in the
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presence of another acceptable food source. Experimental units were 
prepared as previously described. Ten CHFF spirals and fifteen FFE were 
added to  each of 60 te s t tubes. Larval rearing diet (5 mg) w as then added to 
30 of the units. The experiment w as terminated a t 100%  cocoon formation 
{day 14) and the number of eggs consum ed w as recorded.
The Effects of Relative Humidity. Diet, and Egg Consumption on Larval 
Development. This assay w as used to determine if the  number of eggs 
consum ed per larva w as influenced by relative humidity. Experimental units 
were prepared and relative humidities of 55%  and 75%  were established as 
formerly described. Five mg of yeast w as used in those  diets containing 
yeast. Larval diets for units held a t 75%  RH were FFE, yeast (USB, 
Cleveland,OH), CHFF, CHFF+ FFE, CHFF+ yeast, and CHFF+ FFE+ yeast 
(30 replicates each). Diets for units held at 55%  RH consisted of CHFF, 
CHFF + FFE, and CHFF+ yeast (30 replicates each). All diets w ere provided 
ad libitum. FFE were added in groups of five and replenished when 2 or less 
remained in treatm ent groups provided with FFE.
The Effects of Diet upon Larval Development in Vials With or Without 
Carpet. This assay w as conducted to  determine if larvae consum ed both VE 
and FFE and if substrate affected survivorship. Plugs (3 .96  cm2) of white, 
m edium -height(1.43 cm deep, containing approximately 18 .60  piles per cm2) 
carpet w ere placed in each of 36 clear plastic snap-top vials (2.54 X 7.62 
cm). Twenty-five first instars were added to each of 32  vials. Eight
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treatm ents (four replicates each) consisted of: 250  mg of larval rearing diet, 
CHFF, VE, FFE, 125 spirals of CHFF plus either the finely sifted debris (cat 
colony) remaining after egg collection (USA Standard Testing Sieve No.35, 
500  pm 32 mesh), 175 FFE, 25 FFE added daily for 7 d, or 25 VE added 
daily for 7 d. The remaining 4  vials contained 125 spirals of CHFF, and 25 
VE were added per day for seven days. Treatm ents w ere duplicated in vials 
without carpet. Experimental units were placed in covered aquariums and 
maintained in darkness at 75%  RH, 22.5 ±  2°C  for a period of 37 d, after 
which em ergence w as recorded.
Viable Eons (VE) versus Frozen Flea Eggs (FFE). This assay w as 
conducted to  examine the effects of adding viable flea eggs to a population 
of developing larvae. There were 18 treatm ents with three replicates per 
treatm ent in this assay. Snap-top vials and carpet plugs were assem bled as 
previously described and 500 mg of dried bovine blood w as added to each 
vial. Day old larvae w ere added in groups of 5, 10, 25, 50, and 100. Eight 
treatm ents recieved either one VE or FFE per larvae (i.e. 5, 1, 25, 50 or 100) 
for seven consecutive days. The remaining ten treatm ents recieved either 25 
VE or 25 FFE for seven consecutive days. Experimental units were placed in 
covered aquariums and maintained a t 75%  RH, 22 .5 °C  ±  2 .00  for a period 
of 37 d, after which adult em ergence w as recorded.
Statistical Analysis. The total sample size = n and the number of 
individuals per treatm ent = n:. ANOVA w as used to  analyze the effects of
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diet and relative humidity in the groups assays ISAS Institute 1987J. The 
effects of the  various diets and relative humidities on individual assays were 
compared using the Chi-square test. Probit analysis w as used to estim ate 
LTS0 (median lethal time) and LT90 for larval populations maintained on 
selected diets.
RESULTS
The Effects of Flea Eggs on the Development of Larvae Held in Groups at 
75. 65. or 55%  Relative Humidity. One hundred percent mortality occurred 
in all groups provided with FFE and no pupal developm ent occurred in the 
CHFF only diet (Table 2.1). Flea larvae feeding on CHFF moulted to  the  third 
instar, but were observed to be smaller and less active than  those provided 
with CHFF+ FEE. A significant interaction betw een diet and relative 
humidity with respect to  pupation (ANOVA, F -  20 .05 , d f -  2) precluded 
comparisons among relative humidities.
The number of larvae to  be provided with eggs on day 15 and those  to 
be maintained on CHFF only were equivalent a t all relative humidities, being 
35 .00  ±  6 .92; 37 .00  ±  2.16; 32 .00  ±  4 .08  for those provided with eggs 
and 40 .75  ±  6 .38; 38 .75  ±  6.65; and 29 .25  ±  4 .5 0  for those w ithout 
eggs at 75, 65, and 55% , respectively. Pupation occurred in both the CHFF 
and the CHFF+ FFE groups by day 25 a t all relative humidities (Table 2.2). 
During the group assays, flea larvae were observed feeding upon egg
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contents and the internal portions of dead, prepupae, and pupae, but feeding 
upon living larvae, chorions, exoskeletons, or exuvia w as not observed.
CHFF versus CHFF plus FFE. Larvae maintained individually and provided 
with CHFF+ FFE consumed an average of 21 .70  ±  3 .93  eggs each; by day 
24, there w as 100%  adult em ergence, which w as significantly greater than 
the 6 .6%  em ergence on the CHFF diet 3 .8 4  < 26 .17). The mean
time until pupation for larvae provided with FFE was 10 ±  1 .63 d. On day 
24, there w ere 19 third instars and tw o pupae in the CHFF group. The LT50 
and LTao values for the CHFF treatm ent were 26 .55  and 48.51 d, 
respectively.
CHFF+ FFE versus CHFF+ FFE+ Rearing Diet. All larvae in both 
treatm ents consum ed 15 eggs each. There w ere no differences in pupation 
time which occurred betw een days 10-14.
The Effects of Diet. Relative Humidity, and Eoa Consumption on Larval 
Development. There were no differences in mortality among larvae provided 
with either FFE, yeast, or FFE+ yeast and held at 75%  RH (X2crilJe-v-u. 3 .84  
>  1.10; Table 2.3). Mortality in the  CHFF +  FFE, CHFF + yeast, and CHFF+ 
FEE + yeast treatm ents w as the sam e (X2critloa, vnIue 3 .84  <  12.96; Table 2.3). 
The LT50 and LT90 values were greatest in the CHFF only treatm ent (Table
2.4).
Table 2.1. The effects of 55% , 65% , and 75% relative humidities and egg consumption upon the 
development of 1 d old cat flea larvae maintained in groups of 50 each for 15 d and provided (ad 
libitum) with either a diet of feces from adult cat fleas maintained on cat hosts (CHFF) or a diet consisting of 
CHFF plus previously frozen flea eggs, FFE.
Mean Number of Larvae and Pupae at the  Selected Relative Humidities 
Diet 75%  65%  55%
CHFF+ FFE Larvae 4 .00  ±  0.71 2.50 ± 1 .1 1 1.50 ±  1.50
Pupae 34 .00  ±  3.67a 17.50 ± 4 .65a 30.00 ± 1.87a
CHFF Larvae 41 .90  ±  4 .19 37.90  ±  4 .37 30.60 ±  3.97
Pupae Ob Ob Ob
Means within columns with different letters are significantly different (ANOVA, p < 0.05). Tukey's 
Multiple Comparison. Four replicates per treatment. n =  200, n,= 50.
Ut
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Table 2.2. The effects of 55% , 65% , and 75%  relative humidities upon the development of 1 d old 
cat flea larvae maintained in groups of 50 each and provided (ad libitum) with a diet consisting of feces 
from adult fleas maintained on ca t hosts (CHFF) for 15 d after which previously frozen flea eggs (FFE) 
were provided ad libitum to 4  groups (CHFF+ FFE) until day 25.
Mean Number of Larvae and Pupae at the Selected Relative Humidities
Diet 75%  65%  55%
CHFF+ FFE Larvae 2 .2 5 ± 2 .1 7 2.25 ± 2 .2 8 0.25 ± 0 .4 3
Pupae 9.25 ±  3.70a 17.00 ±  2.24a 20.30 ± 1.48a
CHFF Larvae 6 .00 ± 3 .0 0 5.00 ± 3 .2 4 2.00 ± 1 .5 8
Pupae 7 .5 0 ± 0 .5 0 a 9 .2 5 ± 2 .1 7 b 10 .30± 2 .59b
Means followed by the sam e letter within columns are not significantly different (ANOVA, p > 0.05) 




The number of pupae (X2critic>lvdu,3 .8 4  > 0 .023) and percent eclosion (X2CTit,cal 
woluo 3 .8 4  >  0.17) in groups provided with a diet of CHFF supplemented with 
either FFE, yeast, or FFE + yeast were not different {Table 2.3). Mean FFE 
consum ption w as the sam e betw een CHFF+ FFE (20.38 ±  1.92) and 
CHFF+ FFE+ yeast {15.55 ±  3.08).
At 55%  RH, there were significant differences in larval mortality (X2̂ , ,  
vaiu. 3 -84 >  3.40) and the number of pupae formed {X2̂ ^ ,  vduo 6 .00  > 
14.80) in all treatm ent groups {Table 2 .5 .). Eclosion in CHFF+ yeast and 
CHFF+ FFE treatm ents w as different (X2cfitical valU83 .40  <  3.46). The total 
number of eggs consum ed by larvae held at 55% RH (26.89 ±  2.68) varied 
from the num ber consum ed a t 75%  RH (20.38 ±  1.92) (X2Britic-v-ll.3 .8 4  < 
19.52; Tables 2 .3  and 2.5). Mortality w as higher in groups held a t 55%  RH 
and fed CHFF+ yeast than in those held on comparable diets at 75%  RH. 
In the  CHFF+ yeast treatm ents, 14 pupae formed a t 55%  RH while 30 
formed a t 75%  RH {X2crrtlcal V1I,U1> 3 .8 4  <  5.82). There w as no significant 
difference betw een pupation in the CHFF+ FFE units held a t either 55%  or 
75%  RH (X2̂ ^ .  3 .8 4  >  0.29.).
The Effects of Diet uoon Larval Development in Vials With or W ithout 
Carpet. Larvae failed to  survive in all treatm ent groups tha t were provided 
with only VE or FFE (Table 2.6.). Adult em ergence in groups provided with 
CHFF and held in vials with or without carpet were the sam e.
Table 2.3. The effects of diet upon the development of 1 d old cat flea larvae maintained individually for 
24 d in treatm ent groups of 30  each a t 75%  relative humidity, 22.50 ± 2°C  and provided with one of seven 
selected diets ad libitum.
Diet Percent Mortality
Pupae
Time (d) No. %Eclosion
FFE x 100.00 NA NA NA
Y eastv 100.00 NA NA NA
CHFF * 30.00 NA NA NA
FFE+ Yeast 73.33 20.00 ± 1 .6 3 4b 0
CHFF+ Yeast 0 10.00 ± 1 .6 3  
(8-12)
30a 93.3a
CHFF+ FFE 0 12.00 ± 1 .6 3  
(10-14)
30a 90.0a
CHFF+ FFE + 
Yeast
3.00 10.00 ± 1 .63  
(8-12)
29a 100.0a
x Frozen flea e g g s ,v brew er's y e a s t ,* Feces from adults maintained on cat hosts, 21 third Instars remaining 
after 24 days. Means with the same letters within columns are not statistically significant; Thirty replicates 




Table 2.4.The effects of larval diet com ponents provided ad libitum upon 
the survival (d) of cat flea larvae.
Diet n lt50 lt90 Slope ±  SEM
FFE • 30 2 .67 5.03 4 .6 6 ± 0 .8 1
Yeast h 30 8 .67 18.88 3 .7 9 ± 0 .8 5
Yeast + FFE “ b 30 13.48 42 .83 2.55 ± 0 .6 7
CHFF c 30 29.31 4 8 .06 5.97 ± 2 .9 8
• Cat flea eggs previously held at -15°C  for 24 hours, b brew er's yeast, 
0 Feces from adult fleas maintained on ca t hosts.
Table 2 .5 . The effects of 55% relative humidity and diet upon the development of 1 d old cat flea larvae 
maintained individually for 24 d in treatm ent groups of 30 each a t 22.5 ± 2°C  and provided with one of three 
selected diets ad libitum.
Diet Percent Mortality Larvae
Number
Pupae %Eclosion
CHFF* 50.00a 21a 5a 00 .0
CHFF + 33.33b 10b 14b 88.2
Yeastb
CHFF + 6.67c 3c 26c 86.7
FFE*
a Feces from adult fleas maintained on cat hosts. b Feces from adult cat fleas maintained on cat host plus 
brew er's y e a s t .c Feces from adult ca t fleas maintained on cat host plus cat flea eggs held at -5°C for 
24 hours. Means within columns followed by the same letter are not significantly different; Four replicates 
per treatm ent, n =  90, nt= 30 .
Oio
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Table 2 .6 . The effects of diet upon the developm ent of cat flea larvae 
maintained in treatm ent groups of 25 for 37  d a t 22 .5  ±  2°C , 75%  relative 
humidity with or w ithout carpet and provided either 25  frozen flea eggs (FFE) 
or 25 viable flea eggs (VE) per day for 7 d.
Mean Number of Adults (±SD)
Diet No Carpet Carpet
VE (25/day) 0 0
FFE (25/day) 0 0
CHFF 2.00  ±  1.00a 2 .00  ±  2.00a
Larval Diet 6.25 ± 0.96b 18.75 ±  2.63b
CHFF+ FFE 
(175)
2.00  ±  1.41a 20 .50  ± 0.58b
CHFF+ FFE 
(25/day)
1.67 ± 1.15a 19.75 ±  2.75b
CHFF+ VE 
(25/day)
0 21 .00  ±  0.82b
CHFF+ fine 
debris
6 .75 ±  2.22b 22 .00  ± 1.15b
VE (25/day) + 
CHFF*
1.50 ± 1.29a 18.50  ±  3.51b
* 25 VE were used in place of larvae on day one. Means within columns 
followed by the  sam e letter are not significantly different (p > 0.05); Four 
replicates per treatm ent, n = 600, n), 25.
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Adult em ergence w as different betw een no carpet and carpet treatm ents in 
experimental units provided with either the standard larval rearing diet or 
CHFF plus eggs or debris. Development of fleas held in units w ithout carpet 
and provided with either the  larval diet or CHFF + fine debris w ere different 
from all other groups (Table 2 .6.). There were no differences in adult 
em ergence among the carpet units provided with either the  larval diet or 
CHFF plus eggs or debris.
VE versus FFE. The number of adults emerging from groups provided 
with FFE w as directly related to the  number of initial larvae and w as 
significantly different from those provided with VE, except in the 100/25 
treatm ents (Table 2.7). There were no significant differences among groups 
provided with 25 VE, except in the 50/25 treatm ent which w as the sam e as 
the  100/25 treatm ent. The number of adults that emerged in treatm ents 
receiving 5, 10, 25, and 50 VE exceeded the initial number of larvae while 
developm ent in the 50/25, 100/100, and 100/25 groups did not (Table 2.7). 
With the exception of the 100/100 treatm ent, average adult developm ent in 
the VE groups w as 19.19 ±  2.14%  of the potential adult development, e .g ., 
up to  200 adults could have developed in the 25/25 group but 34 .33  ±  1.53 
actually developed. By contrast, adult development in the FFE treatm ents 
which ranged from 63 .0  to 100% . The number of adults eclosing in the 
25/25 FFE group (Table 2.7) w as comparable to  that obtained in the previous 
assay, using a carpeted substrate (Table 2.6).
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Table 2 .7 . The effects of egg consumption upon the development of cat 
flea larvae maintained in treatm ent groups of 5, 10, 25 , 50, and 100 on 
carpeted plugs for 37 d a t 22 .5  ± 2°C , 75%  relative humidity and provided 
with either viable flea eggs (VE) or frozen flea eggs (FFE) each day for 7 d.
Mean Number of Adults (±SD ) 
Larvae/Eggs/d VE FFE
5/5 9 .0 0  ± 1.00 5.00 ± 0 .0 0
5/25 34 .00  ±  3 .46a 4.67  ±  0 .58
10/10 16.33  ±  1.53 9.33 ± 0 .58
10/25 31 .67  ±  7 .23a 7.33 ± 2 .08
25/25 34 .33  ±  1.53a 21 .00  ±  1.00
50/50 59 .67  ±  6.03 40 .00  ±  1 .00
50/25 44 .67  ±  2.52b 34 .67  ±  2 .00
100/100 38 .33  ±  6.11 84 .33  ± 4 .1 6
100/25 54 .67  ±  18.56ab 63 .00  ± 5 .2 0
Means within columns followed by the sam e letter are not significantly 
different {p >  0.05); Three replicates per treatm ent.
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DISCUSSION
The petri dish assays confirmed that flea larvae provided with a diet of 
CHFF and FFE for 15 d could pupate but larvae provided with either CHFF or 
FFE alone could not. However, 14-20%  of the larvae held on CHFF for 25 
d did develop to the pupal stage. Since the larva were held in groups, it w as 
difficult to  distinguish betw een the influence of time upon development and 
possible cannibalism of larvae and pupae. Consequently, individual assays 
w ere conducted to differentiate betw een the tw o.
The data  from the initial te s t tube assays show ed that the rapid 
developm ent observed in petri dish assays w as related to  egg consumption, 
but only 7%  of the larvae completed developm ent on CHFF alone. These 
results suggest tha t the observed cannibalism m ost likely affected the results 
of the group assays (Figure 2.2). Furthermore, since larvae consum ed eggs 
even in the presence of rearing diet, it is unlikely tha t egg cannibalism is an 
anomaly associated with the rearing techniques used in these  studies.
Larvae maintained a t 75%  RH had lower mortality than  those  held at 55%  
RH, which is consistent with the observations of Bruce (1948) (Table 2 .3  and
2.5). Silverman e t at. (1981) also reported a favorable RH range for 
developing ca t flea larvae to be betw een 75 and 92% . Assays comparing 
the effects of yeast or FFE upon larval development a t either 55 or 75%  RH 
show ed greater FFE consumption in units held a t 55%  RH, and at 55%  RH, 
higher mortality w as observed in units provided with yeast than in those
provided with FFE (Table 2.5). Meilanby (1934) found that the larvae of X. 
cheopis lacked a m echanism for closing their spiracles while Yinon et al. 
(1967) found that X. cheopis were hygropositive, moving from lower to 
higher relative humidities along an established gradient. The results of the 
te s t tube assays suggest that in addition to being nutritional supplem ents, 
eggs are also a source of w ater. In the group studies provided with eggs, a 
greater num ber of pupae developed in units held at lower humidities; which 
may indicate tha t more egg cannibalism occurs at lower relative humidities 
(Table 2.2).
It has been reported tha t cat flea larvae living in their natural environment 
require a form of blood (i.e. adult flea feces) for their developm ent (Strenger 
1973, M oser e ta l. 1991, Silverman & Appel 1994). Our calculated LT60 value 
of 29.3  d for ca t flea larvae, reared singly a t 75%  relative humidity and 
provided with CHFF only w as higher than the LT50 value of 14 .96  reported 
by Silverman and Appel (1994). Differences in experimental techniques may 
account for this lack of agreem ent. However, both studies show  tha t the 
majority of flea larvae do not complete their development on adult flea feces 
alone. Sharif (1946) performed a series of nutritional studies using the larvae 
of three Xenopsylla species and found that diets containing y east w ere most 
effective in promoting rapid and successful development. Bruce (1948) 
obtained similar results for cat fleas. In this study, larvae provided with 
either CHFF plus eggs, yeast,or eggs and yeast developed a t a similar rate
66
(Table 2.3) and there were no differences in egg consumption by larvae 
provided with CHFF + eggs or CHFF + eggs +  yeast. These data indicate that 
flea eggs are equivalent to yeast as a nutritional source for rapid and uniform 
developm ent of cat fleas. Although yeast and eggs are equally effective 
supplem ents, flea larvae can survive longer on a diet of yeast than on a diet 
of eggs (Table 2.4).
Under field conditions, individual development occurs in the proximity of 
other fleas and in a variety of substra tes, including soil and carpet. 
Consequently, two assays were conducted where developing larvae were 
provided with a carpet substrate. Larvae failed to develop in treatm ents 
provided with either VE or FFE and only a small percentage developed on 
CHFF alone (Table 2.6). These results are comparable to  the petri dish and 
te s t tube assays. However, there w as greater adult emergence for larvae 
maintained in vials provided with carpet and furnished with either larval 
rearing diet or CHFF+ FFE or VE when compared with larvae in vials w ithout 
carpet. These results indicate that the  carpet fibers separate and protect the 
larvae possibly by limiting aggregation and by affording protection to 
pupating larvae from cannibalism. In units w ithout carpet, higher em ergence 
occurred with CHFF plus fine debris and eggs. These results also indicate 
that physical rather than nutritional factors were likely involved; i.e., rearing 
diet and fine debris may have concealed pupating larvae from foraging larvae. 
There w as no attem pt to  measure the  nutritional value of the fine debris,
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which could have contained particles of cat food, cat feces, etc. The fact 
that adult em ergence from carpeted units recieving either CHFF+ FFE or VE 
w as equivalent indicates that there w as either density-dependent 
developm ent relative to  the size of the  vials (i.e. foraging area) or tha t flea 
larvae consum ed enough viable eggs to limit local populations.
In the final assay, the number of adults developing from larvae provided 
with CHFF + FFE exceeded that obtained in the above assay, thus indicating 
tha t vial size w as not a limiting factor (Table 2.7). When developing larvae 
were provided with one VE per day per larva, adult em ergence increased 
slightly, particularly at the lower populations, but failed to  reach potential 
numbers (Table 2.7). On the other hand, when the larval population recieved 
more than one VE per day per larva, the population increased until there  was 
approximately one egg per day per larva (Table 2.7).
The results of the final two assays imply that existing populations of 
larvae could control the development of subsequent arrivals through egg 
cannibalism. It also appears that as the density of eggs increases in the 
environment, not all of the eggs are consum ed. Since more adults emerged 
from units having an initial population of 100 larvae and provided 100 FFE 
per day from those provided with 100 VE per day, larvae hatching from VE 
could have eaten the pupae of the initial larval population. Kern (1993) 
conducted a larval distribution study with cats infested with fleas and 
maintained in carpeted areas and found th a t only 50%  of the larvae were
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found in areas where the cats spent 90%  of their time, including the peak 
egg production time. Kern could not explain the circum stances which lead to 
larval populations tha t were lower than egg deposition. The results of this 
study indicate that cannibalism could maintain population levels below the 
num ber of viable eggs deposited in a given area, i.e., biotic potential versus 
environmental resistance.
In conclusion, cat flea larvae are both efficient and opportunistic foragers. 
Each has the  potential to  develop from the first to third instar within three 
days and to  survive for more than 29 d on a diet consisting of adult feces 
only. Larva to adult development on adult feces only occurred in a small 
percentage of te s t populations, but essentially 100%  development results 
when adult flea feces is supplemented with either yeast or eggs. Studies 
conducted by Silverman & Appel (1994) found that no developm ent occurred 
on a diet of adult feces only but that 13%  adult developm ent occurred on 
dried blood alone. Moser et a l.(1991) and Hinkle et al.{1992) also 
dem onstrated that freshly dried bovine blood alone w as sufficient for larval 
developm ent under laboratory,conditions; however, their studies began with 
eggs rather than first instars thereby providing the  opportunity for 
cannibalism. In natural settings, adult flea feces and eggs are distributed 
together relative to the activity of the host animal and this study indicates 
that these  are tw o primary sources of nutrition for developing flea larvae 
(Figure 2.1 & 2.2). Eggs provide nutrients tha t promote rapid growth and
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developm ent which in turn would favor host exploitation. Furthermore, at 
lower relative humidities, the moisture provided by eggs may com pensate for 
w ater loss by developing larvae. Osbrink & Rust (1984) reported tha t an 
adult female cat flea produced an average of 13.5 eggs per day with peak 
production reaching 22.3  eggs per day. The results of this study show  that 
a single larva is capable of consuming > 20 eggs over a seven day period and 
that an established larval population can consum e enough eggs to maintain 
the population below the daily egg production of adults. The data in this 
study also suggest that as both larval and egg density increase, the influence 
of cannibalism upon the population size increases. Egg cannibalism could 
function as a form of natural population control and may be implicated in the 
cyclic rise and decline reported in natural cat flea populations (Silverman & 
Rust 1983). Rapid and complete development of cat flea larvae occurs when 
they are fed a diet of flea feces and eggs. Although suitable dietary 
substitu tes may occur in a given environment, they are best described as 
complementary since their presence is unpredictable.
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Figure 2.2. Third instar cat flea feeding upon a viable flea egg.
CHAPTER 3
THE EFFECTS OF DIET UPON COCOON FORMATION BY THE CAT FLEA 
(SIPHONAPTERA: PULICIDAE) AND ITS ROLE IN 
PUPAL DEVELOPMENT
INTRODUCTION
Prior to  pupation, third instar cat flea larvae void their digestive system s 
and spin silken cocoons. Bits of debris from the local environment are often 
incorporated into the structure. Development from pupa to adult takes 
approximately seven to  eight days (Silverman & Rust 1985). Normally, adult 
ca t fleas will remain sequestered in the cocoon structure until disturbed by 
the presence of a potential host. Silverman and Rust (1985) show ed that 
pressure and heat were effective in stimulating adult eclosion. Thus, the 
period of time spent within the cocoon may range from a week to  several 
m onths.
Possible functions of the  cocoon have been investigated by a num ber of 
researchers. Mellanby (1933) dem onstrated that the cocoon structure of 
Xenopsyila cheopis did not protect against desiccation. Humphries (1967) 
and Silverman e t al. (1981) found similar results for Ceratophylius gai/inae 
(Shrank) and Ctenocephalicfes feiis. A primary function of the cocoon is 
protection from predation (Chapman 1971; Rust & Reierson 1989). 
Silverman and Appel (1984) conducted a study on the  predation of cat flea 
pupae by Argentine an ts  {Iridomyrmexhumilis (Mayr)) and show ed th a t pupae 
in cocoon structures were protected while naked pupae and pupae in
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dam aged cocoons were readily preyed upon. Cat flea larvae are cannibalistic 
and readily feed upon eggs and injured larvae (Chapter 2). These findings 
suggest that a function of the cat flea cocoon could be the protection of 
developing pupa from predation by larvae.
The purpose of this investigation w as to examine the role of larval 
nutrition relative to  cocoon formation and the function of the  cocoon 
structure with respect to  protection from cannibalism by foraging flea larvae.
MATERIALS AND METHODS 
Flea Eaas. Less than one day old flea eggs were obtained from a cat 
colony maintained a t the  Louisiana S tate  University Agricultural Center, St. 
Gabriel Argricultural Experiment Station, St. Gabriel, LA. Flea eggs were 
collected from trays beneath screened perches in each cage. They were 
separated from larger debris using a series of sieves {USA Standard Testing 
Sieves 12, 16, 35 Mesh; Henderson & Foil 1993). Separation of eggs from 
fine debris w as accomplished by placing the eggs and debris mixture in a 
black teflon coated pan, gentty tilting the pan, causing the eggs to  roll to  the 
bottom of the pan, w here they were collected and placed in 30 ml plastic diet 
cups for transfer to the laboratory. Eggs used as a food source were held at 
-15°C  for 24  hr before use to  prevent hatching; these  were designated as 
frozen flea eggs (FFE). Viable eggs were referred to as VE.
Flea Larvae Collections. The larval collecting device consisted of a plastic 
60 X 15 mm petri dish with a hole (»  20 mm) drilled off-center in the bottom.
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A glass funnel, 25 mm in diameter w as attached below the opening. Half of 
the top of the dish w as painted black; leaving the other half remained clear 
(Figure 2.1). This apparatus w as positioned above a 16 X 100 mm te s t tube 
for the collection of first instars. Day old VE were placed in the dish, and the 
lid w as positioned with the clear portion over the eggs. A 30  W florescent 
desk lamp w as positioned over the collecting device, and when newly 
hatched larvae crawled to the darkened side, they entered the  funnel and fell 
into the collecting tube. Collection w as conducted at am bient tem perature 
and relative humidity. Unless otherwise sta ted , one day old first instars were 
used in all experiments. Transfer of larvae w as accomplished by placing 
them  in a clean glass petri dish and aspirating them  into sterile 20  ml 
disposable scintillation vials. The larvae w ere then moved to  either 60 X 15 
mm sterile glass petri dishes or to 16 X 100 mm sterile glass te s t tubes.
Cat Host Flea Feces and Rearing Diet. Individual spirals of feces from 
adult fleas maintained on cat hosts (CHFF) were aspirated from the debris in 
the egg collection trays maintained beneath the cat cages. The artificial diet 
consisted of 100 g of ground dog food, 20 g of dried whole beef blood 
(United S ta tes Biochemical Corp., Cleveland, OH.), and 15 g of brew er's 
yeast.
Tem perature and Relative Humidity. Each assay w as conducted in an 
incubator (Precision Model 815) at 22 .5  ± 2°C  and held in constant 
darkness a t 75%  relative humiditiy, which w as established in a covered
7 4
18.93 liter aquarium containing saturated salt solution of sodium chloride 
(Sw eetm an, 1933).
Egg Consumption versus Cocoon Formation. This assay  was conducted 
to determ ine the effect of the number of eggs consum ed per larva upon 
cocoon formation. Individual larvae were held in te s t tubes and provided with 
either 0 , 1, 3, 6, 12, or 24 FFE plus CHFF ad libitum (30 replicates each). 
The life stage  and presence of a silk cocoon w as recorded every other day 
from day 8 until day 24. After day 24, the larvae were examined every fifth 
day up to  day 50.
Yeast Concentration versus Cocoon Formation. This assay  was 
conducted to  determine the effect of various am ounts of yeast upon cocoon 
formation. Stock solutions having 200, 150, 100, 50, 25, and 10 mg of 
brew er's yeast per ml of distilled w ater were prepared a t 5°C. Then, 10 //I 
of each suspension w as added to the bottom  of 30 individual 16 x 100 mm 
sterile te s t tubes (final treatm ent am ounts of 2 .0 , 1.5, 1.0, 0 .5 , 0 .25 , and 
0.1 mg of yeast). After the suspensions had dried, 10 spirals of CHFF and 
one newly hatched larvae were added to  each te s t tube. Observations 
regarding mortality, pupation, and cocoon formation of the larvae w ere made 
and recorded every third day for 24 days. Cocoons w ere assigned a relative 
rating of 1 to  3. When the  developing pupae w as completely visible but silk 
strands were present a rating of 1 w as assigned. Pupae th a t w ere partially
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visible w ere rated as 2 and cocoons completely covering the pupae were 
rated as 3.
Dried Eggs and Yeast Supplements. This assay was conducted to 
determine if drying affected the nutritional value of cat flea eggs and 
brew er's yeast for developing flea larvae. Previously frozen flea eggs and ** 
3 gms of brewers yeast were placed in a drying oven {Stabil-Therm™ 
Laboratory Oven, Model OV-18SC, Blue M Electric, Blue Island, IL) and held 
for 7 d at 40  ±  3°C . Half of the dried FFE were ground using a mortar and 
pestle.
Approximately 3 gm of yeast w as placed in a 100 x 15 mm glass petri 
dish and held a t 100°C for 5 min and stirred every 30 sec . Three sam ples of 
yeast from the tw o treatm ents («  5 mg) w ere transferred to 16 x 100 mm 
sterile te s t tubes containing 10 ml of apple juice. After settling occurred, a 
60 x 50 mm sterile te s t tube was inverted and placed into each of the larger 
te s t tubes. Samples were checked at 24  hr intervals for the presence of C 02 
bubbles in the smaller tubes, changes in turbibity, and the  odor of alcohol. 
Yeast sam ples were identified as either dried (40°C) or (100°C) killed yeast.
A single first instar plus 10 spirals of CHFF only or CHFF and either 10 
FFE, 10 dried FFE, or 10 ground FFE w as added to each of 30 te s t tubes (16 
x 100 mm; 30 replicates per treatm ent). Approximately 2 mg of either live 
yeast, dried yeast, or killed yeast w as added to 30 te s t tubes. CHFF and a
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first instar were then added. Samples were examined every third day for 24 
d. CHFF, eggs, and yeast were provided ad libitum.
Instar Development versus Yeast or Egg Consumption. This assay  w as 
conducted to  determine if all flea larval stages consum ed eggs and yeast. 
First, second, and third larval stages, previously reared on CHFF only, were 
placed in 16 x 100 mm te s t tubes (six treatm ents plus control, 30 replicates 
each) and provided with CHFF plus either yeast or FFE for 24 hr. After 24  
hr, the larvae were then transferred to  individual tubes containing CHFF only 
and examined every fifth day for 40  d. The control consisted of first instars 
provided with CHFF only.
The Development of First. Second, and Third Instars in the Presence of 
Naked Pupae and Cocoon Structures. This assay w as conducted to 
determ ine if developing flea larvae would cannibalize pupae and if they  w ere 
able to penetrate the cocoon structure. Naked pupae were obtained by 
placing a newly hatched larva into a sterile 16 x 100 mm te s t  tube 
containing “ 1 mg of brew er's yeast and 10 spirals of CHFF. Silk and sand 
cocoons w ere obtained by placing a newly hatched larva into a sterile 16 x 
100 mm te s t  tube containing «  2 mg of yeast, 10 spirals of CHFF with or 
w ithout sand. After day 12, excess yeast w as removed and newly hatched 
first or recently moulted second and third instars were placed singly in a  16 
x 100 mm sterile te s t tube that contained CHFF and a fully formed naked
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pupae, silk cocoon, or sand cocoon. Observations were conducted each day 
until the  larvae molted to  the  succeeding instar or until third instars pupated.
The Development of Third + First Instars and Second +  First Instars. This 
assay  w as conducted to determine if younger larvae would prey upon older 
larvae as they began to  pupate. Newly moulted second and third instars that 
had been reared on CHFF only w ere placed in 16 x 100 mm sterile te s t tubes 
containing CHFF + a single first instar or a single first instar + 5 FFE and held 
for 24 d. Additional CHFF was provided as needed.
The Influence of a Carpet Fiber on the Development of Larvae. This 
assay w as conducted to  determine if providing shelter to  pupating flea larvae 
increased the probability of survival. Larval rearing medium w as placed along 
the premoistened seam s of eight 60 X 15 mm glass petri dishes, the  excess 
diet w as removed after drying. Single fibers were removed from a piece of 
white, medium height {1.43 cm deep) carpet and secured to the cen ter of 
four dishes, using hot glue. Fifty larvae w ere then added to each of the 
dishes and were maintained for a period of 24  d.
Statistical Analysis. The total sam ple size = n, and the  individuals per 
treatm ent = nf. The effects of the various diets and relative humidities were 
compared using the Chi-square test. Probit analysis w as used to  estim ate 
LTS0 {median lethal time) for larval populations maintained on selected diets. 
Regression analysis w as used to  determine the relationship betw een egg 
consumption and cocoon formation. Correlation analysis w as used to  relate
78
egg consum ption to larval development and cocoon formation. ANOVA was 
used to  analize the carpet fiber assay (SAS, 1987).
RESULTS
Egg Consumption versus Cocoon Formation. There were no differences 
in the number of pupae tha t developed from larvae provided with at least one 
FFE (Table 3.1). The larvae provided with 24  FFE consum ed an average of 
23 .27  ±  0 .9 5 4  eggs. Cocoon formation w as significant betw een treatm ent 
groups (X2crit;caiva,0B 11.071 <  24.87; correlation coefficient (r = 0 .857) and 
cocoon development increased as the number of eggs consumed increased 
(Table 3 .1; Figure 3.1). Pupation for larvae provided with 6, 12, and 24  FFE 
occurred a t 10 ±  1.63, 9 ± 1, and 9 ±  1 d, respectively. No further 
developm ent occurred in the 0 and 1 FFE treatm ents betw een day 24  and 
day 50 (Table 3.1).
Yeast Concentration versus Cocoon Formation. The number of larvae 
remaining in the 0 and 0 .1 0  treatm ent groups w as not significantly different 
watU8 3 .8 4  < 0.024), but more larvae remained in these groups than in 
the other treatm ents. There were no differences in the number of pupae 
developing from larvae provided with 0 .25  - 4  mg of yeast (Table 3.2); 
however, there were significant differences in cocoon formation betw een 
treatm ent groups (X2CTitiCBl VBll)B 14.10 <  49.09). There was a positive 
correlation (r=  0.903) betw een cocoon formation and the  amount of yeast 
provided (Figure 3.1).
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The Effects of Drying upon Egg and Yeast Supplements. Yeast and dried 
yeast(40°C ) both produced C 02 bubbles, but the yeast samples treated  a t 
100°C  w ere not living. The number of pupae formed when larvae were 
provided with CHFF plus either FFE, dried FFE, yeast, dried yeast, or killed 
yeast w ere the sam e <X2crWcatv#lu# 9 .49  >  3.86; Table 3.3).
Instar versus Yeast or Egg Consumption. There w ere no differences in 
adult developm ent betw een third instar groups provided with either eggs or 
yeast {X2critical valu. 3 .8 4  >  2.63) or from larvae provided with yeast for 24 
hours as first, second, or third instars (X2̂ ^ ^ .  5 .99  > 0.90). Significantly 
more adults developed in the third instar group provided with eggs than  in 
groups provided with eggs during the first and second instar (X2,* ^  walU(l 5 .99 
<  21.51; Table 3.4).
The Development of First. Second, and Third Instars in the Presence of 
Naked Puoae and Cocoon Structures. First and second instars did not feed 
upon naked pupae and were unable to  enter the silk and sand cocoons, 30 
adults emerged from each treatm ent. Third instars did not penetrate silk and 
sand cocoons but all naked pupae w ere consum ed by third instars within 24 
hr. All of the third instars with naked pupae subsequently developed into 
adults (Table 3.5). Third instars provided with FFE and naked pupae, 
consum ed both, and 93 .3%  of the larvae developed into adults.
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Table 3 .1 . The effects of flea egg consumption upon development and 
cocoon formation of 1 d old cat flea larvae maintained individually for 24  d 
at 2 4 ° C, 75%  relative humidity and provided with frozen flea eggs plus feces 
(ad libitum) from adult fleas maintained on cat hosts.
#  of Eggs Total
Pupae Formed
Cocoons % Eclosion
0 8a* 4a 100.0
1 22bv 9a 86 .4
3 29b1 12b 86 .2
6 30b 14b 96 .7
12 30b 26b 9 3 .3
24 30b 24b 9 6 .7
x 14 third instars remaining after 24 d . v 7 third instars remaining after 24  d. 
1 1 third instar remaining after 24 d. Values within columns followed by the 
sam e letter are not significantly different; n =  180, n,= 30.
Table 3.2. The effects of brew er's yeast upon the development and cocoon formation by individual cat 
flea [Ctenocephatides felis (Bouch6)] larvae provided with cat host flea feces ad libitum and maintained at 
24°C , 75%  relative humidity for 24 d.
Yeast (mg) Larvae
Pupae
Naked Cocoon x Silk No. Dead
0 20a 0 0 NA 10
0 .10 21a 3 0 NA 6
0.25 11a 15 2 1.00 ±  0 .00 2
0 .50 5b 17 3 1.32 ±  0.58 5
1.00 2b 15 8 2.37 ±  0.92 5
1.50 Ob 20 8 1.50 ± 0.93 2
2.00 Ob 14 16 1.64 ± 0.93 0
4 .00 2b 0 28 3.00 ±  0.00 0
Values within columns followed by the same letter are not significantly different; n =  240, n(= 30.
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Table 3 .3 . A comparison of the effects of cat host flea feces (CHFF) only 
or CHFF plus either frozen flea eggs (FFE), dried FFE\ dried and ground FFE, 
yeast, killed yeastv, or dried yeast1 upon the developm ent of 1 d old c a t flea 
larvae maintained a t 24°C , 75%  relative humidity for 24  d.
Diet No. of 
Pupae(Cocoons)
% Eclosion % Mortality
CHFF only 0 NA 66.67
FFE 19a (17) 100 36 .6
Dried FFE 19a (18) 100 36 .6
Ground FFE Ob NA 100
Yeast 25a (20) 92 16.67
Dried Yeast 17a (17) 76.5 43 .0
Killed Yeast 22a (18) 100 26 .6
Values within columns followed by the  sam e letter are not significantly 
different; n =  210, n,= 30. *•* 40°C  for 7 d. y 100°C  for 5 min.
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Table 3 .4 . The developm ent of first, second, and third instars (cat flea) 
provided with a diet of ca t host flea feces (CHFF) plus either eggs or yeast 
for 24  hr and then held on CHFF ad libitum for 40  d.
Day Instar CHFF + Larvae Pupae Adults
1 Eggs 29 0 0
Yeast 30 0 0
15 2 Eggs 24 0 0
Yeast 29 0 0
3 Eggs 19 7 0
Yeast 13 13 0
Control* 0 30 0 0
1 Eggs 21 1 0
Yeast 9 19 0
30 2 Eggs 25 2 0
Yeast 5 17 6
3 Eggs 10 2 13
Yeast 0 10 15
Control 0 2 0 0
1 Eggs 3 0 2a
Yeast 5 3 18c
40 2 Eggs 6 3 Oa
Yeast 5 3 20c
3 Eggs 3 0 14b d
Yeast 0 0 24c d
Control 0 0 0 Oa
* Control 1st instars provided with CHFF only for 40  days. Values within 
columns followed by the  sam e letter are not significantly different; n = 210, 
n,= 30.
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The Development of Third + First Instars and Second + First Instars. 
In units containing first and third instars, six adults developed from the third 
instars while 24 developing pupae were consum ed by the younger larvae. In 
units containing first instars, third instars, and FFE, 10 adults developed from 
the third instars while 16 developing pupae were consum ed by the younger 
larvae (Table 3.5).
In the  first and second instar plus FFE treatm ent group, three first instars 
and three second instars successfully developed into adults. Thirteen pupae 
developed from the second instars and five pupae developed from first 
instars. One larvae remained from the initial second instars and 10 larvae 
remained from initial first instars (Table 3.6).
The Influence of a Single Carpet Fiber on the Development of Larvae. The 
mean num ber of adults tha t developed in units w ithout a carpet fiber (13.25 
±  9.49) w as significantly different from the number th a t developed in units 
provided with a carpet fiber ( 32 ± 6.98; ANOVA, p <  0.05). The mean 
number of females and males in units without a carpet fiber w as 6 .75 ± 
4 .7 2  and 6 .50  ± 4 .93 , respectively, while the mean num ber of fem ales and 
males in units with carpet was 12.25 ±  2.75 and 19.75 ±  4 .65 , 
respectively.
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Table 3 .5 . The development of third Instars held individually for 24  d at 
24°C , 75%  relative humidity provided with ca t host flea feces ad libitum plus 




Larvae % Pupae Adult A 
Consumed
Adult B
Silk Cocoon 26 0 29 0
Sand Cocoon 29 0 30 0
Naked Pupae(NP) 0 100 0 30
NP + FFE 0 100 0 28
(A) Developed from pupae; (B) Developed from younger larvae; n =  240, 
n, = 30.
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Table 3 .6 . The development of second and third instars held individually 
for 24  d at 2 4 ° C, 75%  relative humidity provided with cat host flea feces 











0 4 0 14 6 2
3rd Instar+
1st Instar +  FFE
2 0 2 2 10 12
2nd Instar + 
1st fnstar
NA1 NA 0 0 0 0
2nd Instar+
1st Instar +  FFE
1 10 5 13 3 3
(A) Developed from older larvae; (B) Developed from younger larvae; NAZ = 
37 total larvae left from 1st and 2nd instars; n =  240, nj= 30.
87
DISCUSSION
Essentially 100%  pupal formation occurred when larvae consum ed six or 
more eggs and as egg consumption increased the percentage of the  fleas 
forming cocoons also increased (Table 3.1). Similarly, larvae provided with 
lower am ounts of yeast formed few er and weaker cocoon structures than 
those provided with 2 or 4  mg per larva (Table 3.2). These data indicate that 
there is direct relationship betw een cocoon formation and egg consumption 
(Figure 3.1) and support the suggestion by Silverman and Rust (1985) that 
under-nourished cat flea larvae may produce weaker cocoon structures. 
Pang-chuan and Da-chuang (1988) stated  that nutrition affected both the 
quality and development of cocoons produced by Bombyx mori (Linn). These 
findings are also consisten t with the observations of Chippendale (1978) who 
indicated th a t the nutrition obtained during the larval stage w as critical to the 
developm ent of holometabolus insects that produce silken cocoons, including 
members of Siphonaptera.
Larvae fed CHFF supplemented with yeast heated to  over 100°C  or eggs 
dried a t 40°C  developed into adults within 24 d (Table 3.3). The data 
indicate tha t the  nutritional supplem ents from yeast and eggs are stable and 
that they do not have to be under constan t production by a living organism.
Consumption of eggs or yeast w as required for pupal development of 
larval cat fleas (Table 3.4). Under the  conditions of this study, only third 
instars consum ed eggs while alt three instars consum ed yeast. Previous
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assays show ed that when 1st instars were provided with rearing diet, 
CHFF + FFE, or CHFF + yeast ad libitum, development from larvae to  adult 
generally occurred within 17 d {Chapter 2.); however, when first instars were 
provided with yeast for only 24 hr the development time w as increased to  40 
d (Table 3 .4). The data illustrate tha t diet can influence developmental time, 
and suggest third instars are responsible for cannibalism.
Third instars did not cannibalize pupae in well constructed silk and sand 
cocoons but 100%  of the larvae fed upon naked pupae even with FFE 
available (Table 3.5). However, first and second instars did not cannibalize 
naked pupae or pupae within well constructed silk cocoons. The data 
indicate tha t cocoon structures can protect pupae from cannibalism by 
actively feeding third instars.
When first and second instars or first and third were reared together with 
CHFF+ 5 FFE, it w as observed that the younger larvae that had m atured to 
the third instar were able to enter incomplete cocoons and consum e the 
developing pupae. When tw o life stages were held together no more than 30 
adults developed out of a potential of 60 unless a cocoon w as formed before 
the life s tages w ere combined (Tables 3.5; 3.6). These data indicate that 
there is intense cannibalism within contained flea populations.
As ca t fleas begin to pupate, they become susceptible to  predation by 
younger third instars, regardless of the availabilty of other food. Larvae 
provided with yeast or eggs stilt consum ed prepupae and naked pupae.
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Figure 3 .1 . The number of cocoons formed by larvae provided with either eggs (n = 180, 
quantities of yeast (n= 240, n,= 30).
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n,= 30) or varied
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The data show  that cannibalism of pupae and eggs is an normal com ponent 
of cat flea behavior and may serve as a population control m echanism . The 
single carpet fiber assay  dem onstra tes the significance of protection to  the 
successful development of larvae just prior to cocoon formation, i.e. the 
prepupae. Similar results were found in previous assays when greater 
num bers of adults successfully eclosed when the larvae developed in carpet 
(Chapter 2.).
There have been few  studies concerning the factors tha t affect ca t flea 
cocoon formation. Dryden & Smith (1994) reported that mechanical stimuli 
were responsible for successful cocoon formation. The results of this study 
indicate th a t cocoon formation may depend upon the type and quantity of 
larval dietary com ponents. Larvae th a t consum e eggs or yeast can produce 
cocoons th a t would provide protection from cannibalism by flea larvae. The 
results of this study indicate that third instar is the primary predator. During 
the  period before the cocoon is completed, cat flea pupae are susceptable to 
predation and the results show  that substra te  (carpet) can afford protection 
against cannibalism thereby increasing the probability of survival.
SUMMARY AND CONCLUSIONS
CHAPTER 1. Factors Affecting the Mortality, Blood Consum ption, and Egg
production o f Adult Cat Fleas (Siphonaptera: Pulicidae) Maintained on an
Artificial H ost System .
Experiments were conducted to determine the optimal conditions for the 
m aintenance of cat fleas on an artificial host system . Unwashed dog hair and 
cat hair w ere found to be acceptable, but the use of w ashed dog hair and cat 
hair resulted in high mortality of adult fleas. Fleas provided with blood meals 
having sodium citrate concentrations exceeding 8 mM had delayed egg 
production while meals having concentrations greater than 24  mM resulted in 
increased blood consumption per egg and higher mortality.
Elements determined to be optimum were: bovine blood with a sodium 
citrate concentration of 8 mM and a substrate of unwashed dog hair. 
C onsistent results were obtained when the artificial host system  w as 
maintained a t 22 .4  ±  2°C  within a 60-80%  range of relative humidities. The 
50 :20  (female to male ratio) was selected because it w as representative of 
naturally occurring female to male ratios and allowed comparisons with 
published studies. Under the described conditions there w as a 16%  variance 
in egg production among fleas in separate feeders.
Adult fleas did not feed on a substitute meal formulation described for the 
m aintenance of mosquito colonies. Experiments to identify problems with this 
formulation revealed tha t osmoality w as critical to the initiation of feeding
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responses. In an attem pt to develop an alternate blood meal for cat fleas, the 
significance of major blood com ponents upon survival and fecundity were 
examined. The concentration of red blood cells (RBC) had a significant effect 
upon consum ption and egg production. It w as also determined that 
com ponents of plasma, other than albumin and gamma globulins, increased egg 
production. Gamma globulins and albumin in a ratio of 1:1 were determined to 
be essential com ponents. However, a key com ponent for a suitable alternate 
meal w as found to be intact red blood cells. The role of the RBC was 
considered to  be two-fold: (1) phagostimulant (i.e. providing ATPJ and (2) 
providing structural ques tha t influence digestion. The m ost effective alternate 
meal for the  m aintenance of cat fleas contained triple washed RBC, 36 .70  
mg/ml albumin, and 3 9 .70  mg/ml of gamma globulins all in a saline buffer 
having a pH of 7 .63 and an osmolarity of 295 mOsm.
Certain concentrations of testosterone in either steer blood or an alternate 
meal were associated with increased egg production. This is the first record of 
a vertebrate hormone affecting the fecundity of cat fleas.
CHAPTER 2. The Effects of Flea Egg Consumption Upon Cat Flea 
(Siphonaptera: Pulicidae) Larval Development.
Less than  5% of the  larvae held individually on CHFF alone developed into 
adults. However, essentially 100% of the larvae provided with CHFF+ FFE 
completed their development. Individual cat flea larvae consum ed an average 
of 21 .70  ±  2 .68  eggs per larva at 75%  relative humidity and 26.89 eggs per
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larva a t 55%  relative humidity. Either yeast or eggs were found to be suitable 
for adult development when provided with CHFF. Cat flea larvae consum ed 
both viable and non-viable flea eggs. Larvae consum ed eggs in the presence of 
yeast.
Experiments show ed that developm ent w as density-dependent by 
dem onstrating that substrates, such as carpet, could affect the num ber of 
adults produced by increasing the  foraging area (i.e., decreasing the density). 
It w as also dem onstrated that foraging larvae can limit population sizes through 
egg cannibalism and that egg cannibalism is one mechanism for larvae to  obtain 
nutrients essential to complete development. The assays were conducted in a 
variety of substra tes. Consequently, egg cannibalism w as not considered to be 
an anomaly of rearing conditions, particularly since eggs and feces are 
scattered  together and the presence of other food sources is unpredictable. 
Chapter 3. The Effects of Diet Upon Cocoon Formation by the Cat Flea 
(Siphonatera: Pulicidae) and It's Role in Pupal Development.
Experiments showed that larvae preyed upon prepupae and naked pupae. 
Third instars fed upon naked pupae even in the presence of FFE, but well 
formed cocoons protected pupae from cannibalism. Neither first nor second 
instars w ere cannibalistic under the  conditions of these studies. Assays also 
show ed tha t when larvae in different instars were reared together, prepupae 
were consum ed by the younger third instar larvae. Pupae within poorly 
constructed cocoons were preyed upon by third instars. Both prepupae and
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pupae plus CHFF provided the nutrients necessary for third instars to develop 
into adults.
Considering the importance of the cocoon in protection against predation, 
nutritional requirements for cocoon developm ent were examined. Egg and yeast 
consum ption were directly related to cocoon formation. Larvae consuming 
either 1 -3 eggs per larva or 0 .25-1 .0  mg of yeast per larva developed as naked 
pupae or formed incomplete cocoons.
Finally, the results of these assays indicated that prepupae exposed to 
foraging third instars were consistently preyed upon. When larvae were 
provided with protection in the form of a carpet fiber, greater numbers 
successfully developed to the adult stage. This dem onstrates tha t substrate  
can be used to avoid predation during the sensitive prepupai period.
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